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ABSTRACT

Potassium ion channels play a key role in the generation and propagation of action potentials.
The S4-S5 linker peptide (L45) is believed to be responsible for the anesthetic/alcohol response
of voltage-gated K+ channels. We investigated this region to define the structural basis of 1alkanol binding site in dShaw2 K+ channel. L45 peptides derived from dShaw2 and hKv3.4 K+
channel, which, if part of the complete channel, demonstrate different sensitivity to 1-alcohols.
Specifically, dShaw2 is alcohol sensitive and hKv3.4 is alcohol resistant. Structural analysis of
L45 with NMR and CD suggested a direct correlation between alpha-helicity and the inhibition
of dShaw2 channel by 1-butanol. We used CD and NMR to determine the structure of L45
peptides in micelles and vesicles. We measured spin-lattice relaxation time (T1) and determined

the location and surface accessibility of L45 in micelles. These experiments confirm that L45 of
dShaw2 adopts an α-helical conformation, partially buried in the membrane and parallel to the
surface.

The binding and accumulation of rev proteins to an internal loop of RRE (rev responsive
element) of unspliced mRNA precursors is a key step of propagation of human
immunodeficiency (HIV) virus. Molecules that interfere with this process can be expected to
show anti-HIV activity. Our work is based on an assumption that zinc fingers could compete
with rev proteins, therefore impeding the life cycle of HIV and stopping its infection. We studied
the influence of different cations, anions, and the concentration of salts and osmolytes on the
binding affinity with Polyacrylamide Gel Electrophoresis (PAGE) and Isothermal Titration
Calorimetry (ITC). We conclude that the types of anions and/or cations and their concentrations
affect the enthalpy and entropy of the binding interacitons. Using a gel assay, we confirm that
there are three products in RNA-Protein reaction, and both EDTA and salts (and their
concentrations) in the gel or samples interfere with RNA-protein complex mobility.
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Part I

NMR STUDY OF STRUCTURE AND ORIENTATION OF
S4-S5 LINKER PEPTIDES FROM SHAW RELATED
POTASSIUM ION CHANNELS IN MICELLES

2
CHAPTER 1.
INTRODUCTION

1.1 Metal Ions Transportation across Membrane

Membranes are essential to compartmentalize cells. Many biological membranes are semipermeable; therefore, water and small uncharged solutes can pass through via diffusion and
osmosis. Cell membranes can also use exocytosis/endocytosis to fuse together from inside/
outside and then open to release contents. Membrane proteins can help to take up nutrients from
or expel metabolites to the environments1.

Metal ions can be actively or passively transported across a membrane. A primary active
transporter, which is traditionally called a pump, uses energy released from the hydrolysis of
ATP to transfer metal ions from low to high concentration. A Secondary active transporter
transports at least two kinds of metal ions at the same time. Instead of using the energy from
ATP hydrolysis, the energy released by one type of the ion which flows along its gradient is used
to drive another type of ion to flow against its gradient. When these two types of ions travel in
the opposite direction, it is called anti-porter (or exchanger, counter-transporter), or if transport
is in the same direction, it is called symporter2.

Metal ions can also be transported across the membrane via a set of proteins called ion channels.
This process is a passive transportation by which metal ions pass through the membrane from the
1

http://hyperphysics.phy-astr.gsu.edu/hbase/biology/celmem.html#c2

2

http://en.wikipedia.org

3
high chemical potential side to the low chemical potential side without consuming energy. Ion
channels can be classified as voltage-gated ion channels (voltage-gated sodium/calcium/
potassium ion channel) and ligand-gated ion channels (GABAA receptor, glycine receptor, and
nicotinic acetylcholine cation receptor, etc.)3-8.

1.2 Historical Development of Metal Ions and Ion Channels

As early as 1890, a German physical chemist, Wilhelm Ostwald (Nobel Prize in 1909) proposed
that ions that move across cell membranes could cause electrical signals. In the 1920s, the
concept of ion channels were developed (ions transport across membrane at a speed exceeding
107 ions/s, which could not be explained by other mechanism). Thirty years later, Alan Hodgkin
and Andrew Huxley (Nobel Prize in 1963) established how metal ions helped produce electrical
signals and how neurons conveyed those signals. In 1998, the MacKinnon group (Nobel Prize in

3

Dopico A. M., Chu B., Lemos J. R., and Treistman S. N. Alcohol modulation of calcium-activated potassium
channels. Neurochem. Int. 1999, 35, 103-106.

4

Walters F. S., Covarrubias M., and Ellingson J. S. Potent inhibition of the aortic smooth muscle maxi-K channel
by clinical doses of ethanol. Am. J. Physiol. Cell Physiol. 2000, 279, C1107–C1115.

5

Blednov Y.A., Stoffel M., Chang S. R., and Harris R. A. Potassium channels as targets for ethanol: studies of Gprotein-coupled inwardly rectifying potassium channel 2 (GIRK2) null mutant mice. J. Pharmacol. Exp. Ther.
2001, 298, 521–530.

6

Covarrubias M. and Rubin E. Ethanol selectively blocks a noninactivating K+ current expressed in Xenopus
oocytes. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 6957–6960.

7

Kobayashi T., Ikeda K., Kojima H., Niki H., Yano R., Yoshioka T., and Kumanishi T. Ethanol opens G-proteinactivated inwardly rectifying K+ channels. Nat. Neurosci. 1999, 2, 1091–1097.

8

Lewohl J. M., Wilson W. R., Mayfield R. D., Brozowski S. J., Morrisett R. A., and Harris R. A. G-proteincoupled inwardly rectifying potassium channels are targets of alcohol action. Nat. Neurosci. 1999, 2, 1084–
1090.

4
2003) used X-rays to determine the structure of KcsA potassium ion channel from bacterium,
Strptomyces lividans9,10.

The discovery of ion channels started with voltage-gated sodium and calcium ion channels, then
potassium ion channels. They homogonously belong to a S4 superfamily. Ca2+-activated
potassium ion channels and cyclic-nucleotide gated cation channels are also included in this
superfamily. These ion channels are all composed of four domains, and each domain is made of
six transmembrane segments, except that voltage-gated channels have positive charges on the
fourth segment while others do not11.

1.3 Diversity and Nomenclature of Potassium Ion Channels12,13

Potassium ion channels are a more diverse class of proteins than sodium and calcium ion
channels. According to their response to membrane potential, different ligands, or receptors for
an extracellular message, potassium ion channels can be classified as voltage-gated (e.g., KDR,
and KA), Ca2+-activated, Na+-activated, receptor-coupled (e.g. serotonin-inactivated K5-HT) and
metabolically directed (e.g., KATP) potassium ion channels.

9

http://porpax.bio.miami.edu/~cmallery/150/memb/ion_channls.htm

10

http://www2.montana.edu/cftr/IonChannelPrimers/ion_channel_history.htm

11

Peracchia C. Handbook of membrane channels, molecular and cellular physiology. Academic Press, Inc.:
California, 1994.

12

Soria B. and Ceña V. Ion channel Pharmacology. Oxford University Press, Inc.: New York, 1998.

13

North R. A. Handbook of receptors and channels ligand- and voltage-gated ion channels. CRC press, Inc.:
Florida, 1994.
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The first voltage-gated potassium ion channel (Kv) Shaker was discovered in 1987 in the fruit
fly Drosophila melanogaster. A mutation in a gene was found to cause the insect to shake
uncontrollably when exposed to the anesthesia ether14. This defect was subsequently traced to a
gene which coded a potassium channel and was therefore named the "Shaker" ion channel15. In
the 1970s, recombinant DNA technology made the expression of large amounts of protein
possible and facilitated the investigation of this ion channels family. Since then, other types of
Kv channels—Shab, Shaw, and Shal—were discovered and they share 40% identity with Shaker.
The official nomenclature of vertebrate Kv channel is Kvm.n in which m and n mean subfamilies
and the order of discovery, respectively16. For instance, the first cloned mammalian K+ channel
related to Shaker was named Kv1.1. The human gene names are KCNA (Shaker), KCNB (Shab),
KCNC (Shaw), and KCND (Shal).

Drosophila Shaker and Shal K+ channels show A-type transient outward currents, while Shab
and Shaw are delayed rectifiers, as shown in Figure 1.1. The outward currents were recorded in
step depolarization experiments in Xenopus oocyte with voltage steps from -80 mV to +20 mV in
20 mV increments17. Out of sixteen mammalian voltage-gated potassium ion channels, only
Kv1.4, Kv.3.3, Kv3.4, Kv4.1 and Kv4.2 are A-type, and others are delayed rectifiers.

14

http://www2.montana.edu/cftr/IonChannelPrimers/ion_channel_history3.htm

15

Tempel B. L., Papazian D. M., Schwarz T. L., Jan Y. N., and Jan L. Y. Sequence of a probable potassium
channel component encoded at Shaker locus of Drosophila. Science. 1987, 237, 770-775.

16

Chandy K.G. Simplified gene nomenclature. Nature (Lond.). 1991, 352, 26.

17

Covarrubias M., Wei A., and Salkoff L. Shaker, Shal, Shab, and Shaw express independent K+ current systems.
Neuron. 1991, 7, 763-773.

6

Figure 1.1. Currents in Response to Step Depolarization Experiments from Xenopus Oocytes Injected with Single
Transcript (Adapted from Covarrubias M. 1991)

Shaw related mammalian counterparts can be further divided into four subgroups. Alternative
splicing of the C-terminus generates a total of eleven transcripts, Kv3.1 (a, b), Kv3.2 (a-d),
Kv3.3 (a, b), and Kv3.4 (a-c). Also, Shaw is the only subfamily in mammals which shows
evidence that alternative splicing contributes to diversity. The hKv3.4 channel is known as a fast
delayed rectifier which responds to voltage change across the membrane with a delay, but faster
than other Kv channels, such as KCNQ which are predominantly found in the heart. Moreover,
subunits from the same subfamily can form heteromultimers. Assuming we have eleven subunits

7
and randomly pick four to form a functional channel, 1001 combinations are obtained18. Shaw
subfamily potassium ion channels are HVA (high voltage activation), which activate at least over
-10 mV (others usually activate at threshold voltage around -50 mV). Kv3.1 and Kv3.2 are noninactivating delayed rectifiers, while Kv3.3 and Kv3.4 are fast inactivating A-type currents,
which are related to their N-terminal sequences. Deletions of N-terminal 78 amino acids on
Kv3.3 and 28 on Kv3.4 completely eliminate their inactivating property.

Tissue and cellular distribution studies using Northern blot hybridization, RNase protection
analysis and in situ hybridization histochemistry show that all 11 transcripts of the Shaw related
mammalian counterparts exist in rat brain. Kv3.1—Kv3.3 occur mainly in the CNS and Kv3.4 is
abundant in skeletal muscle cells.

The peptides we investigated in this work are from dShaw2 and hKv3.4, where d stands for
Drosophila and h stands for its human homologue. DShaw2 mainly exists in brain and hKv3.4 is
abundant in skeletal muscle cells.

1.4 Rectifier

Rectifiers in biological systems are ion channels carrying currents open or shut according to the
potentials across the membrane. In a step polarization experiment, delayed rectifiers are rapidly
activated after a test polarization is applied from a holding potential, the depolarization
maintains for a period less than 100 ms, after that channels are slowly inactivated. While for an

18

http://en.wikipedia.org/wiki/Combination
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A-type current, both activation and inactivation are fast. The current is partially inactivated at the
resting potential. The maximal current can be achieved when a hyperpolarizing pulse lower than
the membrane resting potential is applied before a depolarization step. Its role is to regulate the
firing pattern, whose frequency reflects the stimulus intensity.

Both delayed-rectifiers and A-type currents transport potassium out of cells. Inward rectifier
(Kir) is another group of potassium ion channels, with relatively little current upon depolarization
but relatively large current upon hyperpolarization. The function of both inward and outward
rectifier currents is to drive membrane potential towards the potassium equilibrium potential.

1.5 Physiological Function of Potassium Ion Channels19

Kv channels are essential components of the nervous system. They are responsible for the
generation and propagation of nerve impulse (or action potential). Open Kv channels stabilize
the resting potential of membrane and dampen the effectiveness of excitatory inputs to a cell.
Closure of Kv channels, on the other hand, enhances the excitability.

A primary function of potassium ion channels in nerve and muscle cells (both are excitable cells)
is to repolarize the action potential propagated by Ca2+ and Na+ influx. Sodium ion channels
conduct Na+ at a depolarized membrane potential for short periods of time. In the generation of
an action potential, membrane potential over threshold (-50 mV) opens a few sodium ion
channels, and Na+ rushes into the cell, resulting in a larger depolarization which consequently

19

Latorre R. and Sáez J. C. From ion channels to cell-to-cell conversations. Plenum Press: New York, 1997.
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opens more Na+ channels, developing the rising phase of the impulse. The quick closure
(because of inactivation) of sodium ion channels and the opening of potassium ion channels
which carry outward currents first slow down and then reverse the rising phase of the action
potential, finally repolarize the membrane to its initial state. The voltage change across the
membrane over time during action potential is shown in Figure 1.220.

Figure 1.2. Change in Membrane Potential versus Time

Potassium ion channel activity can also determine Ca2+ entry through calcium ion channels via
maintaining the cell membrane potential, which can further impact other physiological
phenomena, such as neuronal transmitter release from presynaptic termini.

1.6 Diseases Related to Potassium Ion Channels Defects21

Potassium ion channel mutants have been primarily described in Drosophila, while the first
mutated mammalian Kv channel human disease — myokymia (related to mutations in Kcna1)
20

Berg J. M., Tymoczko J. L. and Stryer L. Biochemistry. 5th Ed. W. H. Freeman and Company: New York, 2002.

21

Soria B. and Ceña V. Ion channel Pharmacology. Oxford University Press, Inc.: New York, 1998.

10
was described by Litt and coworkers in 199422. Another disease, type-II diabetes mellitus, is
related to mammalian potassium ion channels called KATP, which exist in pancreatic β-cells. KATP
closes when ATP is high, which induces the secretion of insulin and helps carbohydrate
metabolism. Mutations that malfunction KATP channels lead to type-II diabetes. Nowadays,
sulphonylurea and its derivatives are used to treat and close KATP specifically and efficiently.

1.7 Neurons23

Neurons are electrically excitable cells in the nervous system. Figure 1.3 shows the basic unit of
a neuron. The dendrites extend from the cell body and receive chemical messages from other
neurons; the axon transmits electrochemical signals; the bouton (the axon terminal) converts an
electrical signal to a chemical signal (releasing neurotransmitter chemicals), thus communicating
with target neurons. Voltage-gated sodium and potassium ion channels occur at Ranvier nodes in
myelinated nerve fibers.

Neurons can communicate using electrical synapses. Bouton of one cell contacts the dendrite or
soma (cell body) of another neuron, and the voltage-gated ion channels in the axon and soma
membrane allow electrical impulses to propagate. Neurons can also communicate through
chemical synapses. When an action potential reaches the axon terminal of the presynaptic
neuron, it opens voltage-gated calcium channels and calcium ions enter the terminal. The
increased calcium ions concentration causes synaptic vesicles to fuse with the membrane and
22

Litt M., Kramer P., Browne D., Gancher S., Brunt E. R., Root D., Phromchotikul T., Dubay C. J. and Nutt J. A.
Gene for episodic ataxia/myokymia maps to chromosome 12p13. Am. J. Hum. Genet. 1994, 55, 702-709.
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release their contents (neurotransmitter molecules such as acetylcholine) to the synaptic cleft,
which consequently activates receptors on the postsynaptic neuron and increases the
conductance of both Nav and Kv channels, and the electrical impulse is propagated24.

1.8 Action Potential Propagation25

Action potential is a sharp electrochemical change in voltage across the membrane, which causes
a current passing across nerve membrane and initiates nerve activity. Pressure, stretch, and
chemical transmitters can all be stimuli. While voltage-gated potassium ion channels serve to
'dampen' these excitation potentials. Depolarization at one Ranvier node allows the charges to
passively spread to the next node, elevate its voltage to threshold and trigger an action potential
in that region, so on and so forth.

Figure 1.3. The Structure of a Neuron

At resting potential (-60 mV), a cell is at an equilibrium state throughout the cell and no current
flows from one part of the cell to another. When the receptor molecule in a neuron is activated
24

Hille B. Ion channels of excitable membranes. 3rd ed. Sinauer Associates: Sunderland, Massachusetts, 2001.
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by a previous neuron, it changes its membrane electric potential. All excitatory potentials (EPSP)
and inhibitory potentials (IPSP) are integrated to produce an integral signal at the axon hillock.
A non-propagating electric signal is produced when the potential is below the threshold; on the
contrary, if it is above the threshold potential, an action potential is generated and spread to the
synaptic terminal. When an electric impulse is passed from CNS to another neuron,
neurotransmitters are released; or to muscle cells, then a contraction occurs.

1.9 Structure Investigation of Potassium Ion Channels26

Potassium ion channels are integral membrane proteins, which make them hard to express and
purify, and since they are glycoproteins, it is also difficult to obtain crystals. The first crystal
structure was part of the KcsA potassium ion channel from Streptomyces lividans published by
the MacKinnon group in 1998. It has only two transmembrane segments27,28. Most of potassium
ion channel structures that can be found in protein data bank are derived from X-ray
crystallography or NMR. Some structures were obtained as whole channels; some are complexed
with inhibitors or blockers, while others are fragments. Since they are integral membrane
proteins, crystal structures may deviate from the real structure because the membrane
environment is missing.

26

http://www.rcsb.org/pdb/home/home.do
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Doyle D. A., Morais C. J., Pfuetzner, R. A., Kuo, A., Gulbis J. M., Gohen S. L., Chait B. T. and Mackinnon R.
The structure of the potassium channel: Molecular basis of K+ conduction and selectivity. Science.1998, 280, 6977.

28

MacKinnon R., Cohen S. L., Kuo A., Lee A. and Chait B. T. Structural Conservation in Prokaryotic and
Eukaryotic Potassium Channels. Science. 1998, 280, 106-109.
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Solution NMR has the advantages of studying peptides from the potassium ion channels in the
membrane like environment mimicked by phospholipids. A simple mimic like a micelle can be
formed with DPC (dodecylphosphocholine) molecules. Bilayers, like vesicles, are less stable but
closer in nature to biological membranes, can be formed with DMPC (1,2-dimyristoyl-snglycero-3-phosphocoline). Even more complex system, like bicelles, can be used to study protein
structures. For our investigation, we used DMPC vesicles for CD characterization, and DPC
micelles for NMR experiments. The critical membrane concentration (CMC) for DPC to form
micelle is 1 mM29,30, and we prepared DPC at 30 mM (the optimal lower limit of DPC to short
peptides (5 mer to 17 mer) for structural study is 7-10:1. No apparent chemical shift changes
were observed for peptides when the ratio is higher than this limit)31. The DPC/peptide NMR
samples were prepared at a molar ratio of 30/1. The DMPC vesicle sample was prepared as
illustrated in section 2.1.

Kv channels are composed of principal subunits and auxiliary subunits (or regulatory subunits)32.
Auxiliary subunits help finely tune different channels and make them suitable to the needs of
different physiological environments. Principal subunits are homologous to one of the repeated
homology units of Nav and Cav ion channels. Four such subunits together form a functional
channel. Their functions are also quite similar to those of Nav and Cav ion channels.
29

Lauterwein J., Bösch C., Brown L. R. and Wüthrich K. Physicochemical studies of the protein-lipid interactions
in melittin-containing micelles. Biochim Biophys Acta. 1979, 556, 244–264.

30

Kloosterman D. A., Goodwin J. T., Burton P. S., Conradi R. A., Stockman B. J., Scahill T. A. and Blinn J. R. An
NMR study of conformations of substituted dipeptides in dodecylphosphocholine micelles: implications for drug
transport. Biopolymers. 2000, 53, 396–410.

31

Kallick D. A., Tessmer M. R., Watter C. R. and Li C. The use of dodecylphosphocholine micelles in solution
NMR. J. Magn. Reson., series B. 1995, 109, 60-65.

32

Hille B. Ion channels of excitable membranes. 3rd ed. Sinauer Associates: Sunderland, Massachusetts, 2001.
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The principal subunits contain four polypeptide chains, and each polypeptide chain consists of
six transmembrane helices S1 through S6, as shown in Figure 1.433. This model is mainly based
on hydrophathy plots and structure-function analysis. Positively charged amino acids in the
fourth TM region (S4) act as a voltage sensor; S5 and S6 regions of each polypeptide chain
surround the central pore; the selectivity filter (P region) which lies between the S5 and S6
regions and consists of a conservative hydrophobic sequence Gly-Tyr-Gly.
Extracellular

Intracellular

S6b
Figure 1.4. One Quarter of Kv Channel. A whole assembly KV channel contains four of such polypeptide chain,
also auxiliary subunits. Each chain folds into six transmembrane helices. The arrow is pointed at the segment
peptide studied.

Since it is difficult to obtain large amounts of native channel proteins, fragment approach has
been used to study ion-selective pore, voltage sensor, and ball peptides. NMR studies suggest
that fragment structures may show similar conformation as in native protein34-36. The two
thirteen-amino acid peptide fragments studied are from dShaw2 and hKv3.4 which connect the
33

Durell S. R., Hao Y. and Guy H. R. Structural models of the transmembrane region of voltage-gated and other K
channels in open, closed, and inactivated conformations. J. Struct. Biol. 1998, 121, 263-284.

34

Haris P. I., Ramesh B., Sansom M. S. Kerr I. D., Srai K. S. and Chapman D. Studies of the pore-forming domain
of a voltage-gated potassium channel protein. Protein Eng. 1994, 7, 255-262.

35

Haris P. I., Ramesh B., Brazier S. and Chapman D. The conformational analysis of a synthetic S4 peptide
corresponding to a voltage-gated potassium ion channel protein. FEBS Lett. 1994, 349, 371-374.

36

Antz C., Bauer T., Kalbacher H., Frank R., Covarrubias M., Kalbitzer H. R., Ruppersberg J. P., Baukrowitz T.
and Fakler B. Control of K+ channel gating by protein phosphorylation: structural switches of the inactivation
gate. Nature Struct. Bio. 1999, 6, 146-150.
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S4 and S5 segments and are named L45 of dShaw2 and hKv3.4. To simplify their names in this
work, they are referred to as dShaw2 and hKv3.4. K2 and K3 are two mutants of the hKv3.4
peptide. The other two peptides in this work are S6b-a and S6b-b. They are the C-terminal
portions of the S6 transmembrane segments (Figure 1.4).

The S4-S5 linker peptide is important not only is it a part of a voltage sensor, but also because it
participates in forming the pore of an ion channel37-39. Furthermore, using biochemical and
electrophysiological methods, it was discovered that ion channels have anesthetics binding sites.
It has been pointed out that potassium ion channels also interact with alcohol and anesthetics.
Specifically, ethanol and halothane can block the Shaw channel at concentrations ranging from
17 to 170 mM, while other cloned channels are affected only at concentrations greater that 200
mM. It has been reported that the alcohol sensitivity that can be mapped to the linker peptide
L4540-42. A similar phenomenon has been reported in Shaker Kv channels43. There have been two
theories about the action of anesthesia and ethanol in central nervous system. One is protein
37

Isacoff E. Y., Jan Y. N. and Jan L. Y. Putative receptor for the cytoplasmic inactivation gate in the Shaker K+
channel. Nature. 1991, 353, 86-90.

38

McCormack K., Tanouye M. A., Iverson L. E., Lin J. W., Ramaswami M. McCormack T., Campanelli J. T.,
Mathew M. K. and Rudy B. A role for hydrophobic residues in the voltage-dependent Gating of Shaker K
channels. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 2931-2935.

39

Holmgren M., Liu Y., Xu Y. and Yellen G. On the use of thiol-modifying agents to determine channel topology.
Neuropharmacology. 1996, 35, 797-804.

40

Covarrubias M. and Rubin E. Ethanol selectively blocks a non-inactivating K+ current expressed in Xenopus
oocytes. Proc. Natl. Acad. Sci. U.S.A. 1993, 90, 6957-6960.

41
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neuronal potassium channel. Biochemistry. 2003, 42, 11243-11252.
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based suggesting that ethanol and other anesthetics interact directly with membrane proteins, and
the other is lipid based which influence channels properties by impacting surrounding lipids.

In this work, we use CD and NMR to study the secondary structure changes of peptides. Firstly,
we use CD to study if and how the structure of peptide changes with the addition of TFE
(trifluoroethanol, a common secondary structure inducer), and then use NMR to monitor how
each amino acid behaves with increased amounts of TFE. To support the results from the TFE
induction, we also performed CD and NMR experiments in DPC micelles and DMPC vesicles by
focusing on the structural changes of the dShaw2 linker peptide. By doing so, we determined the
structural basis of this physiological behavior and how the conformational transition evolves.
Moreover, we detected which amino acids are important for increasing or decreasing the
propensity of the conformational transition. Furthermore, we use a paramagnetic agent —
gadodiamide with different NMR experiments to determine the orientation of the L45 peptide in
micelles. The C-terminal portion of the channel’s S6 tail is also required for alcohol modulation.
To study the underlying molecular mechanism, we utilized CD and NMR spectroscopy to study
structural features of S6b peptides in both aqueous solution and membrane environments.

This investigation provides structural and orientation information of the 1-alkanol binding sites
of the Drosophila Shaw2 potassium ion channel in a micellular environment, which may shed
light on the molecular basis of the interactions that lies beneath the effect of general anesthetics
on more complex neuronal ion channels and how genetic mutation leads to diseases.
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CHAPTER 2.
MATERIALS AND METHODS

2.1 Materials

L45 peptides of dShaw2, hKv3.4, two mutants K2 and K3, and S6b-a and S6b-b were purchased
from Biopeptide Co., Inc. (San Diego, CA), (Table 2.1). To form micelles, individual units
should be wedge-shaped, whose cross-section of the head group is greater than that of the side
chain. The chemicals used to prepare micelles usually have only one hydrophobic tail attached to
the hydrophilic head group. In this project, the micellular NMR samples were prepared by
codissolving peptides with deuterium dodecylphosphocholine (DPC-d38, CDN isotopes, Quebec,
Canada) in de-ionized water (dI-H2O) at a molar ratio of 1:30, and freeze drying samples with a
lyophilizer, then diluting with 450 µL dI-H2O and 50 µL D2O (D, 99.9%; Cambridge Isotopes
Laboratories, Andover, MA). The 2,2,2-trifluoroethanol used for CD 0-70% titration was
purchased from Aldrich Chemical Company, Inc. (Milwaukee, WI); 2,2,2-trifluoroethanol-d3 (D,
99%; TFE) was purchased from Cambridge Isotopes Laboratories (Andover, MA). 2,2-dimethyl2-silapentane-5-sulfonate sodium salt (DSS, Wilmad-LabGlass, Buena, NJ) was added to the
NMR samples for calibration. Ethylenediaminetetraacetic acid (EDTA, Fisher Scientific,
Fairlawn, NJ) was used to eliminate the effect of possible metal ions in NMR samples.
NaH2PO4-Na2HPO4 ((NaP) buffer, EMD Chemicals Inc. Darmstadt, Germany) was prepared in
the laboratory and used to obtain the pH range required for NMR samples. The pH was adjusted
with HCl/NaOH or DCl/NaOD. PrCl3ּ6H2O (Sigma-Aldrich, Inc., St. Louis, Mo), MnCl2ּ4H2O
(Fisher Scientific Inc), OmniscanTM (gadodiamide) Injection (GE Healthcare Buckinghamshire,
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UK) were used to study the orientation of L45 peptides in micelle environment. Gramicidin,
13

CH3OH, and pamoic acid (DMSO) were used to test the validity of pulse program used for T1

measurements.
Table 2.1. The Sequences and pI Values for L45 Peptides of dShaw2, hKv3.4, Two Mutants K2 & K3 and S6b-a
&S6b-b Peptides

For CD experiments, the peptides were prepared at 50 µM by dissolving in 5 mM sodium
phosphate buffer (NaP, pH 6.0). TFE was added to the solutions to promote an α-helical
structure of peptides. A Jasco J-710/810 spectropolarimeter was used to obtain CD spectra at
room temperature. Each spectrum was the average of four scans. The resulting spectra were
analyzed and deconvoluted using CDPro software package, which includes SELCON3,
CDSSTR, and CONTINL routine44-46. The parameter of reference set ‘Ibasis’ selected for the
calculation for L45 is 10, which is composed of 43 soluble proteins and 13 membrane proteins;
while Ibasis = 7 for S6b peptides, which is composed of 43 soluble and 5 denatured proteins.

To form vesicles, individual units are cylindrical, with the cross-section of the head similar to
that of side chains. The chemicals used to prepare vesicles usually have two hydrophobic tails
44
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attached to the hydrophilic head group. In our project, the small unilamellar vesicles (nominal
300 Å diameter) were prepared utilizing a modified procedure from Bammel et al47. 1,2dimyristoyl-sn-glycero-3-phosphocoline (powdered form, >99% purity) (DMPC) (Avanti Polar
Lipids, Inc Alabaster, Al.) was suspended in H2O with 160 mM NaCl and 10 mM NaP buffer
solution. The pH was adjusted to 6.51 with NaOH and Na2HPO4. The DMPC buffer solution was
sonicated for 40 minutes (40% duty cycle) at 35°C then placed in a centrifuge at 130,000x g for
44 minutes at 35°C in a stainless steel sonication tube, which was fabricated from 50 mL
stainless steel centrifuge tube purchased from Thermo Fisher Scientific.

The concentration of peptides for NMR experiments was 1 mM in buffer containing 10 mM
NaP, 0.1 mM EDTA, and 0.011 mM DSS. NMR tubes were purchased from Shigemi, Inc.,
Allison (Park, PA) and all spectra were collected on 500 MHz/600 MHz Bruker Avance using a
5 mm triple resonance Z-gradient probe head (Nalorac Cryogenics Corporation, Bruker) at
desired temperatures. 1D spectra were collected using pre-saturation (zgpr) and jump-and-return
(p11) pulse sequences to suppress solvent (water) signal. The analysis of NMR spectra is based
on the assignments of 2D NMR spectra (TOCSY, NOESY, and HSQC experiments). The mixing
times were set to 44 ms for TOCSY (2K x 512, 32 scans) and 75 and 400 ms for NOESY (2K x
512, 8 scans), respectively. HSQC spectra were collected for chemical shift index analysis and
T1 measurements. Resulting NMR spectra were assigned using Sparky following standard
methods48,49. The 3D structure was calculated by using of DYANA with distance restraints
derived from a NOE spectrum50 and visualized with the program Molmol51,52.
47

Bammel B. P., Brand J. A., Simmons R. B., Evans D. and Smith J. C. The interaction of potential-sensitive
molecular probes with dimyristoylphosphatidylcholine vesicles investigated by 31P-NMR and electron
microscopy. Biochim. Biophys. Acta. 1987, 896, 136-152.
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2.2 Methods

2.2.1 CD Spectroscopy

Circular dichroism has become a very useful tool to study biological systems53. CD is very
sensitive to chirality or asymmetry of molecules, which makes it useful for the investigation of
proteins and nucleic acids. Also, CD experiments are performed in solution, which is very
important for biological molecules. Furthermore, the concentration of samples needed for CD
experiments is very low. Also, CD data collection is very fast, and is complete after a few
seconds to a few minutes. However, CD data only provide the percentages of secondary
structures. In contrast, with NMR we can obtain more structural information. In our case, we can
determine which amino acids play a crucial role for the formation of the secondary structure of
peptide; we can visualize the 3D structure of the peptides. Since we use solutions to determine
the peptide structures in a membrane environment, their native structures are retained to a great
extent, which avoids possible conformational changes during crystallization procedures.

48

Goddard T. D. and Kneller D. G., SPARKY 3, University of California, San Francisco.
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2.2.2 NMR Spectroscopy

NMR instruments now available are from 300 MHz to 900 MHz, expressed according to the
Larmor frequency of proton in a 7.06 to 21.1 Tesla magnetic field, respectively. When a spin-½
nucleus is put in a magnetic field, the previously degenerated energy level is split into two
sublevels α and β (the spin with lower and higher energy, respectively), and this split depends on
the strength of the static field applied to the nuclei, as shown in Figure 2.1.

Figure 2.1. The Split of Spin Levels in Magnetic Fields of Different Strength

2.2.2.1 1D Techniques

Figures 2.2 (A) and (B) show the pulse programs of zgpr and p11. Both of them are used to
suppress solvent resonance (H2O). The disadvantage of zgpr is that the presaturation pulse used
to saturate the water signal also saturates exchangeable NH protons, which results in the
reducing of the intensities of NH peaks. Moreover, the peaks near water, such as αH, are reduced
or eliminated as well. The program p11 which uses shaped excitation can be employed to
investigate fast exchanging protons, for example NH, by adjusting parameter d19 to control the
excitation maximum.
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2.2.2.2 2D Techniques54-59

NOESY stands for Nuclear Overhauser Enhancement Spectroscopy, and Figure 2.2 (C) shows
the NOESY pulse sequence. A cross peak can be observed between two protons which are close
to each other within 5~6 Å in space. The intensity of cross peaks is inversely proportional to the
inverse power of six of the distance between the two spins. With DYANA, we extract distance
information and obtain the 3D structure of target peptides.

The intensity of a NOESY cross peak is a function of the distance between two spins, but also
the correlation (τc) and mixing time (τm). The correlation time is related to temperature, viscosity
and motional properties (it does not have to be isotropic). As alluded above depending on the
correlation time a NOE cross peak may actually vanish (at ω0τc ~ 1, ω0 is the operating
frequency), even if the interacting protons are in a NOE observable distance range (a ROESY
experiment can be used at this point)60,61.
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The NOE intensity is also a function of the mixing time. It takes time to build up the NOE
(which is essentially a perturbation of the population levels through relaxation). The NOE
buildup takes longer for small molecules (τc). For a peptide sequence (10-12 mer) the NOE
buildup used is typically in a range of 50-300 ms, depending on the available instrument. The
buildup is more efficient at higher fields and consequently a shorter mixing time is required.
This assumes that the peptide has a stable folded structure. If on the other hand the peptide
unfolds rapidly, then we would not expect an NOE because a) local dynamics lowers the NOE
intensity; and b) the structure is unfolding/folding, the average distance between two spins in
space is simply too large for any NOE effect to build up and there is not a sufficient amount of
folded peptide. The mixing time should not be set for too long; otherwise, spin diffusion
dominates and cross peaks between spins whose distances are larger than 5 Å can also be seen
and distance data derived form NOESY spectra do not accurately reflect the distances needed to
calculate molecule 3D structure any more.

TOCSY is the abbreviation for TOtal Correlation SpectroscopY, and the pulse sequence is
shown in Figure 2.2 (D). During mixing time, the magnetization is transmitted through scalar
coupling between all coupled nuclei in a spin system. One of the most popular mixing schemes
in TOCSY is MLEV-17.

HSQC is the abbreviation for Heteronuclear Single Quantum Correlation. This experiment
correlates protons with their directly attached heteronuclei, 13C in our case. Figure 2.2 (E) gives
the regular HSQC pulse sequence. Proton magnetization is detected (during t2 - detection time)
while the low-gamma nuclei evolve during the evolution time — t1.
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2.2.2.3 T1 Measurements

There were three experiments used in this project to measure the spin-lattice relaxation time (T1).
For small molecules where peaks are well dispersed, a series of 1D spectra collected with
different delay times is sufficient. The principle is illustrated in Figure 2.3. After the shortest
delay (Figure 2.3, top), the sample gives a maximum negative signal, while the longest delay
(usually set as three times of T1; Figure 2.3, bottom) gives a maximum positive signal. Other
delay times will give signals in between (Figure 2.3, middle). By fitting the intensities at
different delay times to equation (1), we can derive their T1 values.

Figure 2.3. Magnetization Vector Behavior in Inversion-Recovery Experiments

In practice, we use a pulse program named t1ir to collect data and Figure 2.4 shows the pulse
sequence. d1 is set long enough (about 5 times of T1) to allow the whole spin systems to relax
back to equilibrium; vd list is composed of delays varied from 10 µs to 8 s after the spin
undergoes a 180-degree pulse (p2) to allow protons gradually to relax back to equilibrium, and
finally the signals are transferred to the xy plane by a 90-degree pulse (p1) and detected.
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We used gramicidin S in DMSO (structure shown in Figure 2.5) to test different methods of T1
determinations. The spectrum is shown on top, the five α-protons in the region from 4.0 to 5.0
ppm are used to calculate T1 values, and the area is circled and enlarged to see the details (Figure
2.6).
p1

p2

d1

vd

Figure 2.4. Pulse Sequence of T1ir Program

Figure 2.5. Structure of Gramicidin S

The equation used for T1 calculation is

I (τ ) = I (∞) ⋅ [1 − 2 ⋅ A ⋅ e

−

τ
T1

]

(1)

Where

τ

is the delay allowing protons to relax back to equilibrium, which is listed in vd list;

I (τ ) is the intensity of a signal at corresponding delay τ or the integral of a cross peak in a 2D

spectrum (NOESY or HSQC);
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ornithine
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Figure 2.6. The Stack Views of a Series of 1D Spectrum of Gramicidin with Different Delay Time

I ( ∞ ) is the intensity of a signal while a proton fully relaxes back to equilibrium;
A

is a constant; and T1 is spin-lattice relaxation time62.

HSQC was also used to measure T1 values. The program used was mwg1HT1invietgpsipr shown
in Figure 2.7. It has two portions. The first portion basically is used to invert spins, and the
second portion is just a normal HSQC experiment. d10 was set from 20 µs to 6 s, resulting

62

Levy G. C. and Peat I. R. Time saving in
Magn. Reson. 1975, 18, 199-204.
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C Spin-lattice relaxation measurements by inversion-recovery. J.
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gradually increased integrals of cross peaks from maximum negative value to maximum positive
value. T1 data are listed in Table 2.2.

There are some features of using mwg1HT1invietgpsipr to measure T1 values. First, this is a
heteronuclear 2D spectrum, and the two dimensions detected are 1H and

13

C (or other kind of

nuclei), the peaks that are overlapped in 1D spectrum now can be separated. Second, the
gramicidin sample we use is not

13

C enriched, which means the intensity of the 1H signals

detected is only 1% of the signal that can be detected with 1D spectrum because of the low
natural abundance of 13C, which also means that much more NMR time is required. Also, the 1H
attached to 13C relaxes faster than the one attached to 12C, which gives smaller T1 value than is
derived from 1D spectrum. This phenomenon can be seen from the comparison of T1 data listed
in Table 2.2. With a 13C enriched sample, both experiments give very similar T1 values. For a 13C
enriched methanol, the direct method gives a T1 value of 12.1 s and the HSQC approach gives
12.7 s.
Table 2.2. T1 Values of Gramicidin Calculated from 1D Spectra and HSQC Spectrum

There is another way to determine the T1 values, by which we can separate αHs in two
dimensions. We use an experiment called 1HT1SRNOESYPH. It is also composed of two parts.
The first part is a loop which is used to saturate all proton spins and the second part is a normal
NOESY program, as shown in Figure 2.8. Its pulse program is shown in Figure 2.9.
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Figure 2.7. Pulse Program of the Inversion-recovery HSQC Experiment
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ph0
p2

d1

d2

ph1
p1

d3

d10

ph2
p1

d0

ph3
p1

ph31

d8

Figure 2.8. Pulse Sequence of 1HT1SRNOESYPH

Figure 2.9. Pulse Program of the Saturation-recovery NOESY Experiment

Figure 2.10. Structure of Pamoic Acid

To test the validity of this pulse program, we performed both 1D and 1HT1SRNOESYPH
experiments on pamoic acid in DMSO (Figure 2.10). The 1D spectrum is shown in Figure 2.11
and the resulting T1 values are listed in Table 2.3. From the results, we can see that T1 values
from 1D and 2D-NOESY spectra are similar. Also, we know that cross peaks from opposite area
of the diagnal give T1 values for different protons, as detailed in Figure 2.12.
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F
A

BC

DE

Figure 2.11. 1D 1H Spectrum of Pamoic Acid
Table 2.3. T1 Values of Pamoic Acid Calculated from 1D and HSQC Experiments

Cross peak with
T1 value of proton 2

1

2

Cross peak with
T1 value of proton 1

Figure 2.12. Illustration of T1/Cross Peak Assignment in the NOESY Experiment
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CHAPTER 3.
RESULTS/DISCUSSIONS

The sequences and helical view of the S4-S5 linker peptide of dShaw2 and hKv3.4 are shown in
Figure 3.1. Amino acids that differ are shown in a black box. The upper regions are identical
except that Ile4 is replaced with Val4 in hKv3.4 linker peptide; on the left lower region, Gln7 is
replaced with His7, and Lys3 is replaced with Arg3 which are both positively charged. Most of
the difference is localized at the lower right (amino acid 6 and 9).

Physiological study with mutated sequences shows that dShaw2 is sensitive to 1-butanol and the
current elicited by step depolarization experiments is inhibited by almost 40% with the
application of 1-butanol, while the hKv3.4 current is only inhibited by 5%. This means that the
hKv3.4 channel is resistant to the addition of 1-butanol. Moreover, an SK chimera (in the
chimeric channels only the linker peptides are changed) loses its 1-butanol sensitivity, and the
current inhibited is decreased to 10%, while the KS chimera gains 1-butanol sensitivity. The
inhibition of the KS chimera current reaches 55%, which is even higher than the original dShaw2
channel, as shown in Figure 3.2. Therefore, L45 is important for 1-butanol action. Furthermore,
dShaw2-I6G shows little change by 1-butanol inhibition; while hKv3.4-G6I shows enhanced
inhibition by 1-butanol to 20%. This indicates that Gly6 in hKv3.4 or Ile6 may play an important
role in the inhibition of potassium ion channels with 1-butanol (Figure 3.2)63.

63

Harris T., Shahidullah M., Ellingson J. S. and Covarrubias M. General anesthetic action at an internal protein site
involving the S4-S5 cytoplasmic loop of a neuronal K+ channel. J. Bio. Chem. 2000, 275, 4928-4936.
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Figure 3.1. The Sequences and Helical View of S4-S5 Linker Peptide of dShaw2 and hKkv3.4

WT dShaw2
I6G
SK chimera

WT hKv3.4
G6I
KS chimera

Figure 3.2. The Inhibition of dShaw2, hKv3.4 and Their Mutants with 11 mM 1-Butanol (Adapted from Harris T. et
al. 2000)

Physiological activities of biomolecules are based on their primary sequences and structures.
These molecules are usually large and complex, which make their structural investigation
difficult, especially when no crystals structure can be obtained. Potassium ion channels are
usually heterogeneously glycosylated, which renders their purification difficult and hampers
structural characterizations by X-ray crystallography. Using NMR, it is possible to study these
molecules in solution. Although three and higher dimensional techniques are available to help
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assign the NMR spectra of labeled proteins (the upper size limit is currently 40 kDa), difficulties
still exist, arising from the huge amount of overlapped resonances. In part this could be
alleviated by segmental labeling techniques; however, even so, the large sizes of proteins result
in a short T2 relaxation time. This can be addressed using TROSY (transverse relaxation
optimized spectroscopy) experiments, which can increase the upper size limit to 110 kDa64,65.
However, determining the structure of an isolated potassium ion channel may not be relevant
because the native environment of a channel is the membrane of which it is an integral part. The
main method we use to study the structure of potassium ion channels is based on the assumption
that a segment of peptide from a whole protein can maintain its native structure and function.
The potential problem accompanying this method is that peptide segments are often unstructured
in water in the absence of lipid bilayer and also the protein tertiary and quaternary interactions.
One remedy is to use TFE/H2O mixture which is thought to mimic membrane environment
(which has a dielectric constant of about 9)66.

In the early sixties, Goodman and co-workers discovered that fluoroalkanols induce α-helical
conformations in peptides67,68. Alcohol/water mixture also enhances the formation of helices in
peptides, but fluoroalkanols are more potent. Jayaraman et al. have reported α-helix induction in
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a protein which takes an all β-sheet structure in vivo69. The mechanisms by which fluoroalkanols
influence the structures of peptides, especially how they influence the β-sheet structure are
unclear.

There are two mechanisms through which TFE induces peptides to form secondary structure.
One suggests that TFE molecules change the H2O shell around peptides and stabilize the helical
structure, i.e., the helical structure are the result of the disruption of the water structure with the
addition of TFE70. A second mechanism proposes that there is a direct interaction between
solvent and peptide. In this mechanism, TFE binds preferentially to peptides71. Roccatano et al.
have suggested that TFE molecules displace water and coat the surface of peptides, thus
providing a low dielectric environment which favors the formation of intrapeptide hydrogen
bonds, resulting in the stabilization of its secondary structure72. NOE measurements carried out
on bombesin show that the peptide surface is covered by TFE, supporting the second
mechanism73.
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Jayaraman G., Kumar T. K. S., Arunkumar A. I. and Yu C. 2,2,2-Trifluoroethanol induces helical conformation
in an all beta-sheet protein. Biochem. Biophys. Res. Commun. 1996, 222, 33-37.

70

Conio G., Patrone E. and Brighetti S. The effect of aliphatic alcohols on the helix-coil transition of poly-Lornithine and poly-L-glutamic acid. J. Biol. Chem. 1970, 245, 3335-3340.
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In our case, we propose that when TFE is added to peptides, the hydrogen bonds between H2O
and the backbone of peptides decrease, and intramolecular NH CO hydrogen bonds are favored,
causing the random coil of peptides to be destabilized, helical structure to form, and
intramoleular hydrophobic packing to be maximized. TFE can easily induce helical structures in
peptides especially when they have a high helical propensity. In such cases, helical structures are
obtained at a very low TFE concentration which likely indicates biological relevance. The fact
that very high TFE concentration can destroy biologically relevant β-sheet structures and induce
α-helical structures in just about any given sequence provides a warning of indiscriminant use.

3.1 Conformational Studies of dShaw2 and hKv3.4 Linker Peptides in H2O

3.1.1 CD Spectra of Linker Peptides in 0-70% TFE

In the absence of TFE, CD spectra demonstrate that while dShaw2 is partially structured, hKv3.4
is unstructured (Figure 3.3). As the concentration of TFE increases from 0 to 70%, both peptides
adopt α-helical structures; however, dShaw2 peptide requires much lower TFE concentration.
These observations are in agreement with our previously reported results74. A closer examination
of the CD spectra of hKv3.4 reveals an isodichroic point, which suggests a simple two-state
transition from random-coil to an α-helix. In contrast, the structural transition of dShaw2 S4-S5
linker does not involve a simple two-state transition because the CD spectra exhibit no
isodichroic point. Supporting this interpretation, the ellipticity at 220 nm is close to a plateau
between 30–70% TFE, while the ellipticity at 208 nm continues to change. Deconvolution of CD
74
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spectra reveals the presence of a larger amount of β-strand in the dShaw2 peptide at 0% TFE
(Table 3.1); as expected, hKv3.4 peptide in the absence of TFE is mainly random-coil. The
dShaw2 peptide reaches its maximum α-helical content as TFE concentration increases from 50
to 70%; whereas the structural conversion of the hKv3.4 peptide to α-helix is more gradual
(Figure 3.3 and Table 3.1). CD analysis strongly suggests the presence of intrinsic structural
differences between the S4-S5 linker peptides of dShaw2 and hKv3.4 channels.
dShaw2

hKv3.4

Figure 3.3. CD Spectra of dShaw2 and hKV3.4 Linker Peptides. Peptides were prepared at 50 µM in sodium
phosphate buffer at pH = 6.0. All spectra were collected on JASCO J-710 spectropolarimeter at room temperature.
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Table 3.1. Secondary Structures of dShaw2 and hKv3.4 S4-S5 Linkers at Different TFE Concentration. The data
listed are the results from CONTINLL, which has the lowest RMSD and NRMSD values. The reference set used for
the deconvolution is Ibasis = 10.

r.c. random coil
RMSD (between Expt. & Calc.)

3.1.2 NMR Spectra of Linker Peptides with 0 and 50% TFE

The structural differences between dShaw2 and hKv3.4 linker peptides are revealed by
examining 2D TOCSY and NOESY NMR spectra. Figure 3.4 shows the corresponding
connectivities of dShaw2 peptide with 0 and 50% TFE at 288 K. At 0% TFE, dShaw2 peptide,
but not hKv3.4, exhibits weak NH-NH sequential connectivities; while at 50% TFE, the number
of medium range connectivities is quite substantial and characteristic of an α-helical structure.
Under the same conditions, hKv3.4 peptide shows a different behavior (Figure 3.4). Specifically,
no medium or long-range connectivities are observed, which originates from the lower amount
of α-helix conformation and the dynamic differences in the α-helix stability of two peptides.
Overall, the structural analysis confirm the greater α-helical propensity of dShaw2 S4-S5 linker,
and strongly support a relationship between the secondary structure of S4-S5 linker and the
apparent affinity of the 1-alkanol sites in dShaw2 and hKv3.4 channels.
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Figure 3.4. NOESY Connectivities of dShaw2 and hKv3.4 Peptides with 0 and 50% TFE. Samples were prepared at
1 mM in sodium phosphate and adjust to pH = 4.2. The NOESY experiments were recorded with a 400 ms mixing
time at 288 K on a Bruker Avance 600 MHz. The lack of medium range connectivities of hKv3.4 linker peptide in
both 0 and 50% TFE confirm its greater resistance to adopt an α-helical structure. In contrast a substantial number
of sequential and medium range connectivities confirm a greater α-helical propensity of the dShaw2 linker peptide.

3.1.3 Chemical Shift Analysis of Linker Peptides in 0-70% TFE

Analyzing 13Cα and 1Hα chemical shifts of a peptide can predict the secondary structure75,76. For
instance,

75

13

Cα has a higher chemical shift value in an α–helical compared to its random coil

Wishart D. S., Sykes B. D. and Richards F. M. The chemical shift index: a fast and simple method for the
assignment of protein secondary structure through NMR spectroscopy. Biochemistry. 1992, 31, 1647-1651.
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conformation; while 1Hα has a lower chemical shift value in an α–helical conformation.
However, we cannot differentiate random coil from β-sheet by chemical shifts, which can be
determined by looking at their medium and/or long-range connectivities.

A regular HSQC pulse program is used to determine 13Cα and 1Hα chemical shift values. Both
F1 and F2 shifts need to be carefully calibrated. The F2 dimension is calibrated with reference to
DSS, while the calibration of F1 dimension is done indirectly using the ratio of γ13C/ γ1H
(0.25149952), where γ is gyromagnetic ratio77-79.

3.1.3.1 Chemical Shift of 13Cα and 1Hα of L45 of dShaw2

In the absence of TFE (Figure 3.5), the 13Cα chemical shift of each amino acid has the minimum
value and remains unchanged up to 10% TFE. At 20% TFE the

13

Cα chemical shifts increase,

and continue to increase up to 50% TFE. During TFE titration,

(1)

Gly1 and Ala13 do not show any changes, and those of Ala11 and Ser12 are small. Since
these residues are at the ends of sequence, their chemical shifts should be very similar to
the values as they are in a random coil;
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(2)

The responses of Ile4 and Leu5 to the addition of TFE are more reluctantly. This
phenomenon tells us that these two amino acids might be part of the sequence which are
mostly responsible for preventing dShaw2 from forming a helix;

(3)

Thr8 13Cα changes fastest among all other amino acids. Its chemical shift almost reaches
its maximum when the concentration of TFE is 30%.

Chemical shifts of 1Hα (Figure 3.5) decrease with the concentration of TFE:
(1)

Minimal chemical shift change for Gly1, Ala11, Ser 12 and Ala13;

(2)

Ile4 and Leu5 1Hα do not change much initially;

(3)

Thr8 1Hα changes more gradually compared to the 13Cα data.

Overall, these results agree with the analysis of 13Cα chemical shifts.

Figure 3.6 shows the TOCSY spectrum of the dShaw2 peptide in 20% TFE. Both residues Gln7
and Phe9 have three sets of peaks between αHs of Gln7 or Phe9 to their side chains, respectively.
The most left correlation which has the largest chemical shift stands for the cross peaks between
αH to its side chain in its β-strand conformation; the middle line stands for the cross peaks from
its random coil state; while the most right side line which has the smallest chemical shift stands
for the cross peaks from its α-helical conformation. The cross peaks from Gln7 αH to its side
chain in its α-helical conformation has the strongest intensity compared to its β-strand
conformation and random coil. For Phe9, the intensities for all three peaks are comparable. This
indicates that Phe9 transits more reluctantly than Gln7. Therefore, in 20% TFE, dShaw2 linker
peptide is a mixed state (Figure 3.5); from the cross peaks, it is apparent that the peptide has
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three stable conformations—β-strand, random coil, and α-helix (Figure 3.6); also, Gln7 has a
positive effect in the formation of α-helical conformation in TFE. Moreover, this TOCSY
spectrum indicates that TFE does induce the peptide to take a helix conformation, even if the
peptide has an β-strand conformation to start with. Therefore, caution needs to be exercised
when using TFE to study peptide secondary structure. A CD spectrum does not reveal such
subtle changes.

Figure 3.5. Chemical Shift Analysis of 13Cα and 1Hα of L45 Peptide of dShaw2 at Different TFE Concentration
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Figure 3.6. The assignment of βH of Phe9 and Side Chain Proton of Gln7 in a TOCSY Spectrum Recorded with 44 ms Mixing Time on a Bruker Avance 500
MHz at 293 K. The sample was prepared at 1 mM concentration in sodium phosphate and adjusted to pH* = 3.0.
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3.1.3.2 Chemical Shift of 13Cα and 1Hα of L45 of hKv3.4

The 13Cα of each amino acid (Figure 3.7, left) has the lowest chemical shift in absence of TFE
and they remain nearly constant up to 30% TFE. When the TFE concentration is 50%, the
chemical shifts start to increase slightly, and continue to change up to 70% TFE. 13Cα of Gly6 is
nearly invariant.

The general tendency of chemical shifts of 1Hα is shown in Figure 3.7 (right). The chemical shift
of His7 changes more readily, just like Gln7 in dShaw2 L45 peptide. The C-terminal part of the
sequence decreases slightly and shows slightly more tendency to form an α-helix compared to
the front part only when TFE increases to 70%, which means that hKv3.4 has lower tendency to
form an α-helix.

The chemical shift changes can also be illustrated in a different way, as shown in Figure 3.8 for
dShaw2 linker peptide and Figure 3.9 for hKv3.4 linker peptide. These figures use the
percentage of TFE on the x-axis and the chemical shift of 13Cα and 1Hα on the y-axis. We can
see the variation of chemical shifts from the changes of their slopes. For example, the chemical
shifts of 1Hα of Ile6 and Gln7 of dShaw2 linker peptide change a lot, while modestly for other
amino acids. For hKv3.4 linker peptide, the chemical shifts of His7 1Hα shows apparent change
during TFE titration. Moreover, the midpoint of chemical shift change of dShaw2 linker peptide
occurs at 20% TFE; while for hKv3.4, it is over 40% TFE. This also indicates that dShaw2 is
easily while hKv3.4 is more resistant to take an α-helical conformation.
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Figure 3.7. Chemical Shift Analysis of 13Cα and 1Hα of L45 Peptide of hKv3.4 at Different TFE Concentration
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Figure 3.8. Chemical Shift Index of 13Cα and 1Hα of L45 Peptide of dShaw2 at Different TFE Concentration
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Figure 3.9.

Chemical Shift Index of 13Cα and 1Hα of L45 Peptide of hKv3.4 at Different TFE Concentration
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3.1.4 NMR CSI Analysis of Linker Peptides in 0-70% TFE80,81

Chemical shift index (CSI) analysis permits a rapid estimation of protein secondary structure.
The chemical shifts of αHs can be obtained from HSQC spectra. The difference between the
experiment chemical shifts of αHs and the values given in Table 3.2 are defined as ∆. For ∆ > +
0.10 chemical shift index =1; ∆ ≤ ± 0.10 chemical shift index =0; ∆ < - 0.10 chemical shift index
= -1. Three consecutive ‘1’ suggest that a particular segment of peptide is likely to take a βstrand conformation, and four (not necessarily consecutive) or more ‘-1’ suggests an α-helical
structure.
Table 3.2. Chemical Shifts of αH Used in Determination of Secondary Structure (Adapted from Wishart 1992)

3.1.4.1 NMR Chemical Shift Index Analysis of L45 of dShaw2

Table 3.2 lists the chemical shift index of dShaw2 and hKv3.4 linker peptides. In absence of
TFE, dShaw2 peptide (Table 3.3, left) shows α–helical structure already, the primary sequence

80
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of dShaw2 determines that this peptide has a higher tendency to form an α–helix. Ile4 and Leu5
are more recalcitrant to form an α-helix. This is in agreement with CD analysis in section 3.1.1.
The titration process is to ‘force’ these two amino acids into an α-helical conformation.

3.1.4.2 NMR Chemical Shift Index Analysis of L45 of hKv3.4

Basically all amino acids in the hKv3.4 peptide are reluctant to adopt a helical conformation.
Only the C-terminus part shows some tendency to form an α-helix when the concentration of
TFE increases to 70%. Leu9 in the sequence breaks this tendency (Table 3.3, right). The Leu2—
Leu5 region is reluctant to form a helical structure. Traditionally, Gly is known as a helix
breaker, but in this case, with His7 and Thr8, it appears that they form a helical core.
Table 3.3. Chemical Shift Index of αH of dShaw2 and hKv3.4 Linker Peptides

Physiological studies demonstrate that mutation of Ile6 to Gly6 in dShaw2 shows little change of
inhibition by 1-butanol; while Gly6 to Ile6 mutation in hKv3.4 shows enhanced inhibition by 4fold. Chemical shift index analysis shows that both peptides have a break in the tendency to form
a helical conformation at position 6, although the dShaw2 is sensitive to TFE and easily adopts a
helical conformation, while hKv3.4 is resistant. This suggests that Gly6 in hKv3.4 or Ile6 in
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dShaw2 may play an important role in the inhibition of potassium ion channel with 1-butanol.
The N-terminal and C-terminal parts of both peptides can be grouped into two groups split by
residue 6, and the C-terminus readily adopts an α-helix compared to the N-terminus.

Chemical shift index is a convenient method to predict local secondary structure of peptides in
our case. For further structural information, the full 3D structure is required.

3.2 Conformational Studies of dShaw2 and hKv3.4 Linker Peptides in DPC Micelles

3.2.1 NMR Spectra of dShaw2 and hKv3.4 Linker Peptide in DPC Micelles

Previous CD and NMR experiments establish that dShaw2 and hKv3.4 S4-S5 linker peptides
have markedly different potentials for adopting an α-helical structure in response to TFE. Unlike
a membrane environment which is intrinsically anisotropic, TFE solutions are isotropic; hennce
we extended our studies using DPC micelles (Figure 3.10).

The amide protons region of dShaw2 S4-S5 linker peptide in DPC micelles shows significantly
larger chemical shift dispersion than hKv3.4 peptide, but both are different than the peptides
alone. This observation demonstrates that both peptides interact with DPC micelles. The
coupling constants of αH to NH of dShaw2 linker peptide are less than 7 Hz (Figure 3.10, left,
bottom). The secondary structures of both peptides in DPC micelles are further investigated with
NOESY and TOCSY experiments. dShaw2 linker peptide shows a substantial number of
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medium range connectivities characteristic of an α-helical structure (section 3.2.2). No such
connectivities are observed for the hKv3.4 peptide.

Figure 3.10. 1D Spectra of Linker Peptides Recorded at 303 K. Samples were prepared with water and micelles at
1 mM with sodium phosphate at pH=5.8. Left Panel: NH Region of dShaw2 Peptide in Water (top) and DPC
Micelles (bottom) in 1D Spectra. Right Panel: NH Region of hKv3.4 Peptide in Water (top) and DPC Micelles
(bottom) in 1D Spectra.

3.2.2 3D Structure of dShaw2 Linker Peptide in DPC Micelles

The NOESY spectrum with 75 ms mixing time of dShaw2 in DPC micelles sample was collected
and assigned. Figure 3.11 and 3.12 show the NH-αH and NH-NH connectivity pathway. The
sequential connectivities are shown in yellow, and the medium range connectivites are in cyan.
The number of medium range connectivities characteristic of an α-helical structure is quite
substantial. Moreover, the side chain of Phe9 makes many contacts with other residues in the
linker peptide (data not shown). This indicates that Phe9 is important for the formation of the
secondary structure. The intensity information of the spectrum/peaks was then transferred to a
DYANA format and for 3D structure calculation.
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Figure 3.11. αH to NH Pathway in the 75 ms Mixing time NOESY Spectrum of 1 mM of L45 of dShaw2 in Micelles (30 mM DPC) at pH=5.8. The spectrum
was Collected on a Bruker Avance 600 MHz at 302 K
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Figure 3.12. NH to NH Pathway in the 75 ms Mixing time NOESY Spectrum of 1 mM of L45 of dShaw2 in Micelles (30 mM DPC) at pH=5.8. The
spectrum was Collected on a Bruker Avance 600 MHz at 302 K
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The NOESY spectrum of the hKv3.4 linker peptide in DPC micelles does not show as many
connectivities as dShaw2 (data not shown), which means that no stable secondary structure is
formed. Although we see an α-helical structure in the TFE titration experiments by CD, the
helical structure, if formed, is not that stable on the NMR time scale. The structural analysis in
micelles further proves that the dShaw2 linker peptide has a greater α-helical propensity than
hKv3.4.

We used DYANA (DYnamics Algorithm for Nmr Applications) to calculate the 3D structure of
the dShaw2 linker peptide using distance and torsion angle constraints. The simulated annealing
is performed with molecular dynamics in torsion angle space. The intensities of NOESY cross
peaks were converted to distances by using the caliba macro and saved as a caliba.upl file, then
modified to a upper limit file upl by the gridsearch macro; the coupling constant file cco derived
from coupling constants between amide proton and alpha proton were converted to angular
constraints and saved as an aco file by the gridsearch macro. Calculations were performed with
the anneal macro using 3000 steps and the results were saved as a pdb file and visualized with
Molmol. Figure 3.13 shows twenty conformers with the lowest target functions. The α-helix
structure of the peptide is apparent. The assembly of twenty conformers with low target function
(average ~7.93×10-2) is shown on the left. The sausage model in the middle shows that most of
structural deviations are confined to the end of the helix, resulting from both the dynamic state of
the peptide chain and the smaller number of constraints. On the right shows the conformer with
the lowest target function (3.18×10-2) is shown in stick-ball mode.
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Figure 3.13. S4-S5 Linker of dShaw2 (1 mM) Structure in Micelles (30 mM DPC) Generated by DYANA. The mean global backbone RMSD is 0.96±0.33 Å,
and 1.44±0.27 Å for the mean global heavy atom. NOESY experiments were recorded using time proportional phase increment (TPPI) at 303 K on Bruker
Avance 500, with mixing time of 75 ms (2K*512, 32 scans). The assignment was accomplished by using SPARKY following established assignment protocols.
197 of NOE peaks were integrated to generate upper distance constraints file, and 60 angle constraints file. 20 conformers were generated. The resulting
structures were visualized with Molmol. Left: 20 conformers with low target function; middle: a sausage illustration; right: the lowest energy conformer in stick
mode.
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Figure 3.14. Distance Distribution of Distance Constraints versus the Residue Number Difference (top) or Their
Residue Numbers (bottom) Created by DYANA. Dark grey, medium-range (R<5); light grey, sequential constraints
(R=1); white, intraresidual constraints (R=0).
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Ser12

Lys3

Figure 3.15. Ramachandran Plot Created by DYANA. Most of the phi and psi angles fall in the alpha helix favored
region.

GLK I

L I

QTF RASA

Figure 3.16. A Summary of NOE Connectivities. This plot shows the short- and medium- range upper distance
limits against the sequence, which can be used to identify secondary structure. The amount of connectivity of i to
i+3 and i to i +4 confirms the conformation of alpha helix.
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Figure 3.14 shows the summary of the numbers of constraints used for calculation. The number
of sequential and medium range constraints is substantial, while no long range constraints are
observed. The Ramachandran plot shown in Figure 3.15 gives the distribution of allowed phi and
psi angles. Most of dihedral angles fall in the area of alpha helix favored region. The
connectivities between residues and the medium range connectivities from alpha proton to amide
proton of residue i to i+3 and/or i+4 are characteristic of alpha helical structure (Figure 3.16).

3.2.3 Orientation of dShaw2 Peptides in DPC Micelles

3.2.3.1 T1 Measurement Using HSQC Inversion Recovery Experiments

Paramagnetic shift reagents such as manganese or lanthanide ions in NMR have been used for
some time to confirm the formation and life time or stability of vesicles based on the fact that the
effect of paramagnetic reagents would only shift or broaden 1H,

13

C, and

31

P signals on the

choline group or phosphorous of the solvent facing but not on the inward-facing lipid
molecules82,83.

Mn2+can be used to study the orientation of peptides in a membrane environment. However, for
peptides at the membrane surface, it approaches protons too closely and consequently relaxes the
protons too strongly to be useful. The choice of Gd(III)(DPTA-BMA) to study the surface

82

De Kruijff B., Cullis P. R. and Radda G. K. Differential scanning calorimetery and 31P NMR studies on sonicated
and unsonicated phosphatidylcholine liposomes. Biochim. Biophys. Acta. 1975, 406, 6-20.

83

Barsukov L. I., Shapiro Yu. E., Viktorov A. V., Volkova V. I., Bystrov V. F. and Bergelson L. D. Intervesicular
phospholipid exchange, an NMR study. Chem. Phys. Lipids. 1975, 14, 221-226.
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exposure proteins is based on the advantage that it does not interact with protein or membrane
molecules, and no chemical shift change is observed with the addition of this relaxation agent84.

To determine the orientation of the helix in micelles and its solvent exposure, we recorded spinlattice relaxation time T1 in presence and absence of a paramagnetic probe (gadolinium
diethylenetriaminepentaacetic acid bismethylamide, or Gd(III)DTPA-BMA). The ion Gd(III) is
chelated by a large organic molecule and consequently, relaxes protons more gentle. Figure 3.17
shows the chemical structure of gadodiamide85.

Figure 3.17. Chemical Structure of Gadodiamide

HSQC inversion recovery NMR experiments were performed to determine the T1 values of αHs.
Delays from 70 µs to 4 s were used to allow protons gradually to relax back to equilibrium.
When the paramagnetic agent is added, the spin-lattice relaxation time decreases 86 . By
comparing the difference in T1 before and after addition of the paramagnetic reagent, the
orientation of peptides in micelles environment can be determined.

84

Pintacuda G. and Otting G. Identification of protein Surfaces by NMR measurements with a paramagnetic
Gd(III) chelate. J. Am. Chem. Soc. 2002, 124, 372-373.

85

Morcos S. K. Nephrogenic systemic fibrosis following the administration of extracellular gadolinium based
contrast agents: is the stability of the contrast molecule an important factor in the pathogenesis of this condition?
Br. J. Radiol. 2007, 80, 73-76.
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Bergelson L. D. Methods in membrane biology. Korn E. D. editor Plenum Press: London, 1978, 9, pp 275-335.
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In our initial experiments, we used PrCl3 and MnCl2 as probes; however the results were difficult
to interpret. A likely reason is that linker is an amphiphilic peptide and it binds to micelles at the
2+

surface; while Mn

is too strong to be a relaxation agent in these experiments. Therefore, we

chose to use Gd(III)DTPA-BMA as a probe for T1 measurements which has a ligand that shields
the metal ion.

The HSQC inversion-recovery experiments are performed at different delay times of 70 µs, 200
ms, 500 ms, 1 s, 2 s, and 4 s. d1 is set at 4 s to allow the system to fully relax back to
equilibrium. Figure 3.18 shows the fit curve and T1 value of Leu5 αH in absence of Gd(III). The
T1 value of αH of Leu5 without Gd(III)DTPA-BMA is 711± 121 ms.

Figure 3.18. The Fit Curve of T1 Value of Leu5 αH in Absence of Gd(III)DTPA-BMA

Table 3.4 lists the summary of T1 values of αHs of dShaw2 L45 peptide, with and without
gadodiamide. Gly1 is at the beginning of the sequence and moves freely in the solution, and thus
is accessible to the Gd complex and has large change in the T1 value; Lys3, Ile4, Ile6, Gln7, and

61
Arg10 also experience large changes in T1 which mean that they are also exposed to solution
while others are buried in micelles to a different extent.
Table 3.4. A Summary of T1 Values of αHs of Residue of dShaw2 L45 Peptide

3.2.3.1.1 Data Processing with the Paramagnetic Attenuation Method

Venditti et al. proposed a method called paramagnetic attenuation (Ai) to analyze the surface
accessibility of protein to Gd(III)DTPA-BMA87,88. The calculation of Ai follows equations (2)
and (3) below:
vip.d =

Vi p ,d

(1/ n ) ∑ Vi p,d
n

Ai = 2 −
vip.d

vip
vid

(2)

(3)

is the autoscaled volume of peak i from paramagnetic (2 mM Gd complex) or diamagnetic

(when no Gd(III) complex is applied) spectra.
Vi p ,d

is the measured peak volume from paramagnetic or diamagnetic spectra.

n

is the number of peaks measured.
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Venditti V., Simone A., Spiga O., Prischi F. and Niccolai N. MD and NMR studies of α-bungarotoxin surface
accessibility. Biochem & biophy. Res. Comm. 2007, 356, 114-117.

88

Molinari H., Esposito G., Ragona L., Pegna M., Niccolai N., Brunne R. M., Lesk A. M. and Zetta L. Probing
protein structure by solvent perturbation of NMR spectra: the surface accessibility of bovine pancreatic trypsin
inhibitor. Biophys. J. 1997, 73, 328-396.
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When Ai > 1.39, residues are highly accessible to the paramagnetic reagent, hence close to the
membrane surface; or when 1.39≤ Ai ≤0.61, residues experience an average attenuation; when
Ai <0.61, residues have low accessibility to paramagnetic reagent, inside the micelles.

The results are shown in Figure 3.19. Lys3 is definitely exposed to solution, while the Ai for
Gln7 and Arg10 are around 1.4 which can be explained as they are at the interface of micelles.

Figure 3.19. Paramagnetic Attenuation versus Residue Number

3.2.3.1.2 Orientation of dShaw2 Peptides in DPC Micelles

Zangger et al. used Gd(III)DTPA-BMA to determine the orientation of helices in micelles,
which allowed us to determine how our peptides are positioned89. We first derived the relaxation
rate constants R1 and plot R1 against the Gd(III)DTPA-BMA concentration. The slope of the
line gives the paramagnetic relaxation enhancement (PRE). Figure 3.20 lists PRE values.

89

Pespondek M., Madl T., Gőbl C., Golser R. and Zangger K. Mapping the orientation of helices in micelle-bound
peptides by paramagnetic relaxation waves. J. Am. Chem. Soc. 2007, 129, 5228-5234.
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Figure 3.20. PRE Value of Alpha Protons of L45 dShaw2 Peptide

From the PRE values, the peptide orientation is obtained by fitting the data to equation (4)

PRE =

(

kπ

6 A + 1.5 ⋅ sin τ ⋅ ( x − 1) − cos (τ ) ⋅ 3.25 ⋅ cos (1.745 ⋅ ( x − 1) + ρ )

)

3

(4)

Where k is a constant;

A is the immersion depth in micelles of the helical axis of the first residue used for calculation;

τ is the angle between the axis of the peptide helix and the membrane surface;

ρ is the angle between the αH of the first residue whose PRE data was used to fit equation (4)
and a line, which is perpendicular to the helix axis and points towards membrane surface;
x is the residue number;

1.5 is the helix pitch per residue;
3.25 is the average radius of the helix measured from αH.
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Figure 3.21 gives the fit curve that was used to predict the orientation of L45 peptide in micelles.
The data from the first 4 and last 2 residues were not used to fit equation (4) because they are
either in solution and highly accessible to Gd(III) complex, or deep in micelles and the effect of
Gd(III) is not apparent. From the calculation, the immersion depth A is 5.8 Å, the tilt angle τ is
7°, and the direction of Leu5 (the first residue in calculation) pointing towards the center of
micelles ρ is 167°. Also, considering that the micelles in the absence of protein is composed of
56 DPC molecules and has a diameter of ~ 40Å90, we can conclude that L45 peptide is bound to
the surface and nearly parallel to it. The hydrophobic residues Leu2, Leu5 and Phe9 are inside,
while Lys3, Gln7, and Arg10 face towards solution (Figure 3.22). This is in consistent with the
results from the paramagnetic attenuation analysis in section 3.2.3.1.1.

Figure 3.21. The Fit Curve of PRE Data

90

Clayton D., Brereton I. M., Kroon P.A. and Smith R. NMR studies of the low-density lipoprotein receptorbinding peptide of apolipoprotein E bound to dodecylphosphocholine micelles. Protein Sci. 1999, 8, 1797-1805.
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Figure 3.22. The Orientation of L45 Peptide of dShaw2 in Micelles
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3.2.3.2 T1 Measurement Using NOESY Saturation Recovery Experiments

Since the linker peptide L45 of dShaw2 is at the surface of the micelles, some residues are
accessible to Gd(III) complex, resulting in dramatic decreases of their T1 values (Table 3.3).
With the addition of only 2 mM Gd(III) complex, the T1 values for some αHs already decrease to
200 ms. We obtained two data points for each αH to calculate PRE and the orientation of peptide
in micelles. In order to test the validity of the data from HSQC spectra and the calculation of the
orientation of peptide, we also developed NOESY saturation recovery experiment based on a
regular NOESY experiment. The pulse sequence and pulse program can be found in section
2.2.2.3. Briefly, in this experiment all protons are initially saturated. The NOESY cross peaks are

measured as a function of the delay time from which we extract the T1 values. To verify that this
program works, we first use pamoic acid in DMSO as a standard (Table 2.3).

Table 3.5 lists the T1 ratios of resolved NOESY cross peaks with and without Gd(III) complex
over 2 mM Gd(III) complex. The ratios of Leu5 Hδ 1/2 , Thr8 Hα and Hβ, and Phe9 Hα are
around 1, which means that they are buried in the micelles, others are larger than 1 and vary
according to the depth they immersed in micelles or the extent to which they are exposed to the
solution.

T1 data obtained from HSQC inversion-recovery experiments analyzed with two different
methods, together with the NOESY they show that this amphiphilic peptide resides on the edge
of and parallel to the surface of micelles, with the charged residues Lys3 and Arg10, and the
polar residue Gln7 face towards the solution; Leu5, Thr8, and Phe9 are inside of the micelles.
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Table 3.5. T1 Ratios of Protons from NOESY Spectra in dShaw2 L45 Peptide

3.2.4 Does Thr8 Play a Role in the Inhibition of dShaw2 Potassium Ion Channel?

Since both Thr8 and Ser12 are conserved in dShaw2 and hKv3.4 linker peptides, and they both
have hydroxyl groups, they could potentially form hydrogen bonds with 1-alkanols. In order to
test this, we added 10% TFE to a dShaw2/DPC micelle sample and collected TOCSY, NOESY,
and HSQC spectra. From the NOESY spectrum, we discovered an additional connectivity
between Gln7 NH and Thr8 NH (data not shown), which means that TFE is sensed by the
dShaw2 peptide and it might be a binding site for 1-alkanols.

Figure 3.23 shows the assignments of parts of Cα and Cβ, also Hα and Hβ of dShaw2 in DPC.
The chemical shifts of the peptide in absence and presence of 10% TFE are listed in Table 3.6.
The last two columns give the absolute values of the difference between the two sets of data with
and without TFE. Allowing for some deviations, we can conclude that the chemical shifts of Cα
and Cβ of Thr8 also Cα of Lys3 change. Both changes in Cα and Hα suggest that Thr8 is affected
by TFE, and this might be the region of the 1-alkanol binding site in dShaw2 channel. This
notion is supported by the observation that a Thr8 to Ala8 mutant completely eliminated the 1-

68
butanol binding91. The chemical shift change for Lys3 Cα can be rationalized that Lys3 points
out towards the solvent and is easily accessible by TFE (Figure 3.22).

Figure 3.23. Assignments of L45 of dShaw2 without TFE in an HSQC Spectrum. L45 of dShaw2 was dissolved at 1
mM in DPC micelles (30 mM) at pH=5.8. Spectrum was collected on a Bruker Avance 600 MHz at 302K. The
assignment of DPC can refer to Figure 3.28.

Since Thr8 is buried, how does it sense TFE? The dielectric constant of TFE (26.5) is
approximately one third of water (80)92(Figure 3.24). Also, 10% TFE corresponds to a 1.38 M
solution. Considering that DPC micelles are dynamic, there is the possibility that TFE molecules
penetrate into micelles and interact with dShaw2 peptides.

91

Personal communication, none published data.

92

http://www.cem.msu.edu/~reusch/VirtTxtJml/enrgtop.htm
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Table 3.6. Chemical Shift of the Peptide in Absence and Presence of 10% TFE

Figure 3.24. Structure of TFE Molecule

From the HSQC spectra of both dShaw2 peptide/DPC micelles without and with 10% TFE, it is
evident that the chemical shifts of DPC do not change much in both the

13

Cα and 1Hα

dimensions (data not shown). This suggests that TFE changes the conformation of dShaw2 linker
peptides by direct interaction and not by perturbing the surrounding lipid membrane.

3.2.5 Interaction between DPC Molecules and dShaw2 Peptide

The structure of DPC-d38 is shown in Figure 3.25, and the names below the DPC structure are
used to facilitate the assignment as shown in Figure 3.26 and 3.2793. The NOESY spectrum of

93

Huster D., Arnold K. and Gawrisch K. Investigation of lipid organization in biological membranes by twodimensional nuclear overhauser enhancement spectroscopy. J. Phys. Chem. B, 1999, 103, 243-251.
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DPC-d38 micelles alone shows no cross peaks. This is reasonable since DPC-d38 has small
amount of 1H, which can only give cross peaks with small intensity, if any.

methyl A

methylenes B
(8)

methylene D
methylenes C
(2)

methylene E
methylene F

methyls G
(3)

Figure 3.25. Structure of DPC Molecule
methylenes B

methylenes C

methyl A

methyls G
methylene D

methylene E

methylene F

Figure 3.26. 1D NMR Spectrum of DPC Molecule

One the other hand, the TOCSY spectrum of DPC with dShaw2 peptides shows considerable
number of cross peaks (Figure 3.28). The new peaks at 2.3 and 4 ppm originate from methylenes
C and D (cyan) when the dShaw2 peptide binds to the surface, interacts with the DPC molecules
(methylenes C and D), thus changing their chemical shifts. The micelles not only offer a
membrane environment but also locally interact with dShaw2 peptides.
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Figure 3.27. TOCSY Spectrum and Assignment of DPC Molecule

Figure 3.28. TOCSY Spectrum of DPC with dShaw2 Peptides Shows Considerable Amount of Cross Peaks. The
sample were prepared with 1 mM of dShaw2 peptide in micelles (30 mM DPC) at pH=5.8. The spectrum was
collected on a Bruker Avance 500 MHz at 302 K.

72
3.3 Conformational Studies of dShaw2 Linker Peptides in DMPC Vesicles

Our study of the dShaw2 linker peptide shows that it is readily adopts an α-helical structure in
TFE and DPC micelles. Micelles are small, and while it might be an appropriate system to study
small peptides, a real membrane is a bilayer with a much smaller curvature. We therefore use CD
spectroscopy to determine if the dShaw2 peptide binds to a vesicle and if it also adopts a helical
structure. The preparation of vesicle from DMPC is described in section 2.1. The CD spectra in
Figure 3.29 show the dShaw2 peptide with or without 1.5 mM DMPC vesicle. dShaw2 peptide
in DMPC vesicles shows a curve reminiscent of one with 20% TFE (shown in Figure 3.3). This
conformational change in the peptide indicates that dShaw2 peptide does bind to the vesicles,
and that it likely assumes an α-helix structure.

3.4 CD Spectra of Two hKv3.4 Mutants K2 & K3 in 0-70% TFE
The conformational changes in the two peptides K2 and K3 with the addition of TFE are dramatic
as shown in Figure 3.30. The deconvolution results of spectra with CDPro software are shown in
Table 3.7. K2 is nearly insensitive to the addition of TFE. In contrast, the titration curves for K3
change with normal signal intensity. The titration curves for K3 show no isodichroic point, as
was previously observed for the dShaw2 peptide. In the absence of TFE, the curve for K3 is
similar to hKv3.4; when 10% TFE is added, it shows a curve similar to dShaw2 in absence of
TFE. With an addition of more TFE, K3 behaves more like hKv3.4 linker peptide, since the
change of ellipticity of the peaks at 208 and 222 nm are nearly the same.
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Figure 3.29. The CD Spectrum of dShaw2 in H2O and DMPC Vesicles

Table 3.7. Secondary Structures of K2 and K3 at Different TFE Concentration

r.c. random coil
RMSD (between Expt. & Calc.)
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K2

K3

Figure 3.30. CD Spectra of K2 and K3 Peptides. To promote an α-helical structure of the two peptides were titrated with TFE from 0 to 70%.
deconvolutions of the CD spectra are shown in Table 3.7.

The
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3.5 Comparison of dShaw2, hKv3.4, K2, and K3 Peptides

In absence of TFE hKv3.4 and K3 exhibit similar CD spectra (Figure 3.3 and 3.30). This is
reasonable since they only differ from each other in amino acid #6 (Table 3.8). At 10% TFE, the
CD spectrum for K3 is similar to the curve for dShaw2 without TFE, while hKv3.4 does not
change at all. This indicates that the helix breaker Gly is responsible for this behavior and that
Ile6 renders the helical propensity of K3 closer to dShaw2. The variation at 208 and 222 nm
shows that K3 still behaves similar to hKv3.4.
Table 3.8. The Alignment of dShaw2, hKv3.4, K2 and K3 Peptides

6 7

9

Comparing hKv3.4 with K2, the main difference is amino acid #9 (#13 is at the end of the
sequence, the effect, if any, should be negligible) (Table 3.8). However, K2 completely looses
the ability to form a helix. Therefore, Phe9 is not a good candidate for helix formation. Although
Phe9 is present in dShaw2, Gln7 not only compensates, but also makes it easier to form a helix
(see section 3.1.3.1 and Figure 3.6). Therefore, when position 6 is Ile (dShaw2 and K3), the
sequences have a tendency to form an α-helix; when position 6 is Gly (hKv3.4, and K2), the
sequences are less prone to form an α-helix. When position 9 is Leu (hKv3.4), the α-helix can be
formed at higher concentration of TFE; when position 9 is Phe (K2), the sequence completely
lost its ability to form an α-helix. In dShaw2, Gln7 compensates the inhibitory effect of Phe9.
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3.6 Conformational Studies of Two S6b Peptides

Physiological study shows that 1-alkanol action in dShaw2 channels depends on interactions
involving the S4–S5 linker and the S6b segment PVPV motif94. 1-butanol might bind to Thr8 of
linker peptide when the linker peptide forms a hydrophobic pocket with the S6-b segment. We
used CD to study the conformational changes of two S6b peptides in TFE solutions, and NMR to
study the interaction between S6b peptides and DPC micelles.

3.6.1 CD Spectra of S6b-a and S6b-b Peptides in 0-70% TFE

The sequences of S6b-a and S6b-b are shown in Table 3.9 and their conformational changes with
the addition of TFE in CD spectra are shown in Figure 3.31. S6b-a is almost completely resistant
to change with the addition of TFE. Peaks at 190, 202 and 222 nm signify the presence of some
helical structure; however, the low intensity shows that only a very small portion of the peptide,
presumably the C-terminus, may partially adopt a helical structure.

Table 3.9. The Sequences of S6b-a and S6b-b Peptides

94

Bhattacharji A., Kaplan B., Harris T., Qu X., Germann M. W. and Covarrubias M. The Concerted Contribution
of the S4-S5 Linker and the S6 Segment to the Modulation of a Kv Channel by 1-Alkanols. Mol. Pharmacol.
2006, 70, 1542-1554.
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S6b-a

Figure 3.31. CD Spectra of S6b-a and S6b-b Peptides

S6b-b
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In contrast, the S6b-b peptide has a characteristic of a β-strand without TFE and changes to a
helical structure with normal signal intensity with the addition of TFE. This study shows that the
N-terminal PVPV component of the peptide controls the structure of S6b and this may be
important for the biological response. The reluctance of PVPV component to form a helical
structure confers its ability to move easily and cooperate with L45 peptide to form a hydrophobic
pocket for 1-butanol binding. Deconvolution of the CD spectra shown in Table 3.10 also shows
that S6b-b can assume a helical structure, albeit only reluctantly.
Table 3.10.

Secondary Structures of S6b-a and S6b-b at Different TFE Concentration

r.c. random coil
RMSD (between Expt. & Calc.)

3.6.2 NMR Spectra of S6b-b Peptides in H2O and Micelles

Since only the S6b-b peptide forms an α-helix in TFE, we focus on this peptide for the NMR
study in H2O and micelles. The amide regions of of S6b-b in H2O (bottom) and micelles (top)
collected at 293 K is shown in Figure 3.32. Two spectra show little difference. The TOCSY
spectrum of S6b-b in H2O gives decent amount of cross peaks; while the NOESY spectrum
exhibits only few cross peaks. This means that the S6b-b peptide does not have a stable
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secondary structure in H2O on the NMR timescale. TOCSY and NOESY spectra of S6b-b in
micelles show no apparent change from those of the sample in H2O. These observations
demonstrate that the S6b-b peptide does not interact with micelles. If there is any interaction
between S6b-b and DPC it should be very weak, based on the NMR evidence.

Figure 3.32. 1D Spectra S6b-b in H2O and Micelles (30 mM DPC). The samples were prepared in buffer containing
10 mM sodium phosphate at pH5.8 and 0.011 mM DSS. The spectra were Collected on a Bruker Avance 600 MHz
at 298K.
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CHAPTER 4.
CONCLUSIONS

The response of dShaw2 and hKv3.4 channels to 1-alkanols is related to S4-S5 linker peptide.
Both CD and NMR experiments suggest that the secondary structure of peptides controls their
physiological behavior of the entire potassium channel. Specifically, the extent or propensity of
the two linker peptides to assume an α-helical conformation determines if the Kv channels are
likely to be inhibited by 1-alkanols.

Since the linker peptides are no longer part of the whole channel protein, TFE was used to
induce their secondary structure. The results from CD spectra, the medium range connectivity
derived from NOESY experiments and chemical shift index analysis of HSQC experiments all
indicate that dShaw2 linker peptide L45 has a higher propensity to form an α-helical
conformation than hKv3.4 peptide; and that the C-terminal part is more likely to take an helical
structure in both peptides. Although we already knew that dShaw2 linker peptide has an αhelical structure in TFE solutions, this is an isotropic environment, and we still needed to
determine the structure in a real membrane. DPC micelles are small and easily prepared they
were used to mimic the membrane. Distance constraints from NOESY experiments result in an
α-helical conformation of dShaw2 linker peptide. The change of chemical shifts on the
methylene group adjacent to the phosphate head group of DPC molecule indicates that the
dShaw2 linker peptide is at the surface of micelles. The orientation of dShaw2 linker peptide at
the membrane surface is important for the modulation of the potassium channel by 1-butanol.
Therefore, T1 measurements with and without Gd(III)DTPA-BMA were carried out with HSQC
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inversion-recovery and NOESY saturation-recovery experiments to obtain the attenuation of T1
values. Both experiments give consistent results that Lys3 is exposed to the solution and Gln7
and Arg10 are at the edge of the interface. Further calculation shows that the peptide is parallel
to the surface of membrane with a tilt angle of approximately 7˚. This confirms the previous
conclusion that dShaw2 binds to the membrane surface. Further study with HSQC spectra of L45
peptides/DPC micelles with and without TFE shows that chemical shift changes of αHs are
observed only for Thr8 and Lys3 but not for DPC molecules. This suggests that Thr8 is
accessible to TFE molecule and can be a candidate for forming a hydrogen bond with TFE, and
that the 1-alkanols binding site involves S4-S5 linker peptides but not by the perturbation of
phospholipids. Considering that micelles have much larger curvature than the bilayer structure of
cell membrane, the structure of L45 peptides in DMPC vesicles was studied using CD
experiments. Spectra show that dShaw2 peptide interacts with the vesicle and is likely to take an
α-helix structure.

To study the contribution of primary sequence to the formation of α-helical structure in linker
peptides, two hKv3.4 mutants K2 and K3 were also used for comparison. CD spectra imply that
the propensity of the peptides to form a helix is not contributed by any one of amino acid but a
few amino acids. Ile6 and Gln7 are important for the formation of an α-helix.

The S6 tail peptide is proposed to form a hydrophobic pocket with dShaw2 linker peptide to
accommodate 1-butanol. CD experiments indicate that PVP motif is more flexible and renders
the peptide with little propensity of forming an α-helix. NMR spectra of S6b-b in water and
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micelles show that it does not form a stable secondary structure, although some α-helix is seen in
CD spectra.

Overall, the study of secondary structure of peptides is important to understand the functional
inhibition of ion channels modified by general anesthetic agents such as 1-alkanols. Further
study of the interaction of dShaw2 linker peptide with S6b peptide in presence of micelles with
and without 1-butanol will be carried out using DOSY diffusion experiments. The difference of
diffusion constants can be used to determine whether peptides bind to micelles or 1-butanol.
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Part II

INVESTIGATION OF THE BINDING OF ZNF29R
PROTEIN TO HIV RREIIBTR RNA
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CHAPTER 5.
INTRODUCTION

Since the human immunodeficiency virus (HIV) was first identified in 1983, globally an
estimated 25 million people have died of AIDS-associated disease. In 2007 alone, new HIV
infections and AIDS-related deaths were approximately 2.7 million and 2 million, respectively,
according to the recently statistics on the world epidemic of AIDS and HIV95.

HIV is mainly treated by antiretroviral drugs96. There are five groups of anti-HIV drugs:
Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIs), Non-Nucleoside Reverse
Transcriptase Inhibitors (NNRTIs), both of which stop HIV from replicating within cells by
inhibiting the RT protein; integrase inhibitors, protease inhibitor (PI) group, and entry inhibitors.
In developing and transitional countries, 6.8 million people are in immediate need of life-saving
AIDS drugs; of these, only 1.65 million are receiving drugs97. Moreover, there is no cure to HIV
and the drugs can only stop people from becoming ill for many years, consequently the therapy
lasts a lifetime. The average cost of anti-HIV therapy in the U.S. currently runs between $10,000
and $15,000 per year98.
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Transcription of HIV-1 begins with the production of fully spliced mRNAs encoding tat, nef,
and rev proteins, as shown in Figure 5.199. As the infection continues, rev proteins accumulates.
Rev is an essential regulatory protein of HIV that binds an internal RNA loop of the RRE RNA
(rev responsive element) and encourages further rev-RRE binding. After the binding and
oligomerizing of rev onto RRE of unspliced mRNA precursors, the complex is transported out of
nucleus, thereby preventing splicing100. The transcription of unspliced virion RNA is needed for
the assembly of the progeny virus101,102. Therefore, molecules that interfere with either rev
binding to the RRE sequence or rev polymerization can be expected to show anti-HIV activity.

Figure 5.1. HIV mRNA Splicing and Transportation

Experiments have shown that the interaction between rev and RRE RNA is due to the binding of
rev to a purine rich "bubble" containing GG and GUA residues on either side of a doublestranded stem-loop structure present in RRE RNA. This binding is also accompanied by a
conformational change in RNA molecule, which resulted in the formation of additional base
99
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pairs not present in the free RNA. Two of these induced base pairs are purine-purine pairs within
the internal loop of RRE, which had been previously proposed on the basis of biochemical
experiments103. Zinc fingers compose the most frequently recognized class of nucleic acid
binding motif104. Commonly, C2H2 zinc fingers are considered to be a DNA binding motif;
however, they can bind to both DNA and RNA105. This kind of binding requires a few critical
amino acids in the finger α-helix, which suggests that zinc fingers could provide a stable
framework for designing RNA binding proteins, especially here for the design of drug with HIV1 RRE binding affinity106. Our work is based on an assumption that zinc fingers could compete
with rev proteins, therefore impeding the life cycle of HIV and stopping further infections. The
evaluation of the affinity of ZnF29R peptides to HIV RRE element is mainly based on
polyacrylamide gel electrophoresis (PAGE) and isothermal titration calorimetry (ITC).

The cloning expression and purification of ZnF29R proteins have been done based on the
established protocol107. Quantitative evaluations of the binding of ZnF29R peptides to RNA
segments are performed with ITC by comparing their different Kd and ∆H values.
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CHAPTER 6.
MATERIALS AND METHODS

6.1 Protein Purification

ZnF29R (MVYVCHFENCGRSFNDRRKLNRHKKIHTR) is composed of two β stands and one
α-helix (Figure 6.1, adapted from Mishra S. 2006). It is expressed in the BL21(DE3) pLysS
pET32b system, which uses T7 RNA polymerase to transcribe the ZnF29R gene in the pET32b
vector. The advantage of this system is that T7 RNA polymerase is about 5 times faster than E.
coli RNA polymerase, so genes controlled by T7 promoters can be over expressed. The
thioredoxin (THX) and (His)6 tag is inserted in front of the sequence to facilitate purifying
ZnF29R (Figure 6.2). The process is shown in Figure 6.3108.

Figure 6.1. 3D Structure of ZnF29R

108
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BL21(DE3) cells are lysogenic for a fragment of phage DE3, the main components of which are
a lac UV5 promoter and a T7 RNA polymerase gene. The lac UV5 promoter is responsible for
driving the expression of T7 RNA polymerase and it is induced by IPTG (isopropyl beta D
thiogalactopyranoside). The pET vector carries the cloned gene (ZnF29R) behind a T7 promoter,
and the termination signals downstream of the gene stops the transcription. In practice, the E.
coli RNA polymerase makes a small amount of T7 RNA polymerase without IPTG induction.
This may cause the transcription of the gene in the pET vector, and the expressed proteins are
toxic and may cause the cells die. T7 lysozyme is an inhibitor of T7 RNA polymerase and can be
used to reduce basal background expression of a cloned gene. The level of T7 RNA polymerase
can be reduced by expressing this gene on a different plasmid — pLysS. The detailed procedure
for protein purification is as follows:

Figure 6.2. The Design of ZnF in a pET32b Vector

Step 1 Grow culture: Transfer a loop of ZnF29R strains in 50 mL of LB medium with 50 µg/mL
of carbenicillin at 37 °C at 200 rpm overnight. Add this solution to 2L LB medium with 50
µg/mL of carbenicillin and grow at 37°C at 250 rpm until O.D.600 nm ~ 0.7.

Step 2 Inductions: Induce with 1 mM IPTG, 50 µM ZnSO4 at 37 °C at 250 rpm, harvest after 6
hours. Centrifuge at 5000x g for 45 min at 4 °C. Add 60 mL of lysing solution (60 mL Bug
BusterTM protein extraction reagent (Novagen), 200 µg/mL Lysozyme, 1 mM PMSF), 50 µM
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ZnSO4, 2 mM βME, and 2 µL Benzonase nulcease to the pellet. Incubate for 45 min at 37 °C at
250 rpm. Centrifuge 15 min at 4 °C 5000x g, keep the supernatant.

Figure 6.3. The Production of ZnF29R Protein (http://bioenergy.asu.edu/photosyn/courses/BIO_343)

Step 3 Protein extractions: Use 30 mL Ni-NTA Resin column (Qiagen) to extract ZnF29R from
supernatant. Wash the column with water until absorbance at 280 nm < 0.01. Equilibrate the
column with ~ 100 mL of equilibration buffer (50 mM NaP pH = 8, 300 mM NaCl, 400 µM
NaN3, 50 µM ZnSO4, 2 mM βME). Pass lysate through column 4 times. Wash column with 50
mL 2 mM βME solution. Elute the protein with 60 mL (25, 20, 15 mL) of elution buffer
(Equilibration buffer + 300 mM imidazole) and collect in 3 different tubes. Wash the column
with another 50 mL of elution buffer; collect in 3 tubes (15, 15, 20 mL). Combine the tubes with
proteins.

Step 4 Protein dialysis: Add 2 µL of Benzonase nuclease to the elution collected in step 3.
Prepare 2 L of dialysis buffer (50 mM NaP pH = 8, 2 mM βME, 10 µM ZnSO4). Add protein to
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the pierce dialysis membrane (MWCO = 7,000) and dialysis for 1-2 days, then transfer to a fresh
made dialysis buffer and dialyze for another 1-2 days.

Step 5 Concentrate proteins: Centrifuge at 716× g on a Beckman coulter Allegra® 25R
centrifuge with an ultracentrifugation Millipore Amicon filter (MWCO = 10,000) in a TS-5.1500 swinging bucket rotor at 4 °C for 30 min to a total volume of 6 mL.

Step 6 Diafiltration: Exchange the 6 mL protein solution from Step 5 with EK buffer (50 mM
NaP pH = 8, 50 µM ZnSO4 50 mM NaCl, 2 mM βME) using the same filter as in Step 6. Repeat
four times.

Step 7 EK cleavage: Add 2 µL of Benzonase nuclease and 30 units EK (Enterokinase) to the 6
µL concentrated protein solution from Step 6. Keep it on a shaker for 24 hrs at 37 °C.

Step 8 Protein purification: A 5 mL-HiTrapTM SP Sepharose resin column (Amersham pharmacia
Biotech) is used to perform ion exchange. Wash the column with 30 mL of water at 1 mL/min.
Equilibrate the column with 30 mL of equilibration buffer (10 mM NaP pH = 8, 50 µM ZnSO4
100 mM NaCl, 2 mM βME) at 0.7 mL/min. Load the protein to the column (manually, twice),
wash the column with equilibration buffer at 0.7 mL/min. Elute the protein with elution buffer
(10mM NaP pH=8, 100 µM ZnSO4 2.2 M NaCl, 2 mM βME) at 1 mL/min. Pass 10 mL more of
elution buffer after elute the protein, clean the column with water.
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Step 9 Protein purification with size-exclusion column: A Hi-load 16/60 Superdex 30 Prep
Grade size-exclusion column (Pharmacia) was used to perform size-exclusion. Filter and degas
SEC buffer (10mM NaP pH = 7.2, 100 µM ZnSO4 200 mM NaCl, 2 mM βME) for 30 minutes.
Equilibrate the column at 0.7 mL/min. Inject 2.5 mL of protein each time, and use SEC buffer to
elute protein. Fusion proteins and ZnF29R migrate at 21 and 3.5 KDa, respectively.

Step 10 Desalting: Prepare 200 mL 1 mM βME solution. Use 50 mL 1 mM βME solution to
wash a D-Salt Excellulose desalting column (5 mL). Dissolve the protein and load it to the d-salt
column. 1 mM βME is used to elute the protein. The eluate is collected every 0.5 mL and
quantified at 280 nm.

Step 11 Concentration determination: Lyophilize 500 µL NMR solution (ZnF29R and 6 µL 1
mM DSS (proton concentration is 9 mM in the stock solution)), then fill it up to 300 µL with
D2O. The pulse program zgpr with d1 = 8 s is used to collected 1D spectrum at 293 K as shown
in Figure 6.4. The peaks of His 27δ2 and Phe 14ζ signify the formation of a structured ZnF29R
protein. These two peaks, together with peaks at around 7.9, which are from His 23ε1, can be
used to calculate the concentration of ZnF29R protein. Typically 1 L LB media can produce 20
mg purified ZnF29R.

Figure 6.4. The Aromatic Region of 1D spectrum of ZnF29R Protein in Folded Structure. Sample was prepared with
in 300 µL D2O with DSS (2.2 µM proton) for concentration determination reference. Relaxation delay was 8 s and
spectrum was collected at 293 K.
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Step 12 Storage: Keep ZnF29R in storage buffer (10 mM NaP pH=7, 50 µM ZnSO4, 200 µM
NaN3, 2 mM βME).

6.2 ITC Experiments

RNA concentration determination. Set the temperature of UV spectrometer at 85 ˚C and
wavelength at 260.00 nm. Wash 1 cm cuvette and dry it completely. Blank the cuvette with 950
µL dIH2O, then add 50 µL RNA (RREIIBTr). The concentration of RNA (RREIIBTr) stock
solution is obtained from A = εbc, where ε = 357,040 M-1·cm-1.

Prepare reactants. Prepare 2500 µL RNA sample with 5 µM RNA, 10 mM NaP, 200µM βME,
and appropriate amount of salts (NaF, NaCl, NaBr, or KCl); 500 µL ZnF29R protein sample with
75 µM ZnF29R, 10 mM NaP, 200µM βME, and salt at the same condition as in RNA sample.
Degas the solutions (15 min), and then adjust pH to ~7.00. The ∆pH between the two solutions
should be less than 0.02, then degas for another 20 min.

ITC experiments. All data are obtained on a MicroCal VP-ITC calorimeter at 298 K. It is
important to clean the system thoroughly, and then load RNA into the cell and load protein into
the syringe. Ensure that there are no air bubbles. The resulting data were analyzed and
deconvoluted using the MicroCal processing software (Origin 7.0 with Microcal ITC feature).
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6.3 Non-denaturing PAGE Gel

A gel electrophoresis was performed at 4˚C and 50V. The 15% native PAGE-gel is prepared
from 10 mL of solution containing 3.75 mL of 40% of acrylamide: bisacrylamide (19:1) and 2
mL of 5X buffer (TB). After the solution is degassed for 30 minutes, 5 µL Temed and 50 µL
10% ammonium persulfate was added, mixed and poured into the cassette and polymerized.

The RNA stock solution (24.8 µM) was diluted from 992 µM. RNA sample was used as it was,
or pre-heated to 80 ˚C and chilled to room temperature. Both RNA and protein samples were
prepared exactly under the same condition as for ITC experiments. The loading buffer is 60%
sucrose (w/v). Diluted SYBR Green II (1 in 10,000) is used to stain the gel for 30 minutes. The
RNA was then visualized on a VWR UV transilluminator (M-20E, wavelength: 302 nm).
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CHAPTER 7.
RESULTS/DISCUSSIONS

7.1 ITC Analysis of the Binding of ZnF29R to RRIIBTr

7.1.1 Anion Effect on the Binding of ZnF29R to RRIIBTr

ITC was used to study the thermodynamic parameters for ZnF29R-RNA binding under different
salts and osmolyte conditions. The ZnF29R-RREIIBTr ITC binding data for NaCl, NaBr and
NaF at 100 mM have similar binding curves with a 1:1 binding ratio (Figure 7.1); while in KCl
above 100 mM, or NaCl at 200 mM resulted in a 1:2 binding ratio (Figure 7.6 and Figure 7.8);
interestingly while with 25 mM KCl, the curve shows two apparent binding sites, with the first
one 1:2 ratio and the second one 1:1 ratio (Figure 7.6).

The influence of different anions on the binding of ZnF29R to RNA RREIIBTr was studied.
Figure 7.1 and Table 7.1 show the binding curves and the derived thermodynamic parameters for
ZnF29R-RREIIBTr ITC data in 100 mM NaCl, NaBr, and NaF. The free energy ∆G is calculated
with equation ∆G = -RTlnKa where R = 1.987cal/K·mol, Kd = 1/Ka; ∆S = (∆H - ∆G)/T. It is
apparent that they have similar binding curves and all have a 1:1 binding ratio; the difference of
∆G is less than 1 kcal/mol; the reaction system using 100 mM NaCl has the smallest Kd and the
strongest binding affinity; ∆H and ∆S increase when the salt changes from NaF, NaCl to NaBr;
there is a linear relationship between ∆H and ∆S (Figure 7.2.); ∆H increases with the anion
radius (Figure 7.3).
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Figure 7.1. ITC Data of ZnF29R Binding to RNA in 100 mM NaF, NaCl and NaBr at 298 K. Top: Raw titration data showing the heat response resulting from
each 10 µL injection of 75 µM ZnF29R into the ITC cell containing 5 µM RNA in 10 mM sodium phosphate buffer at pH 7.0 and 100 mM NaF (or NaCl/NaBr)
and 200 µM βME. Bottom: Peak area was normalized to the moles of ZnF29R added and corrected for the heat of dilution (squares) using nonlinear least squares
fit (line) to a bimolecular interaction model.
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Table 7.1. Thermodynamic Parameters of the Binding of ZnF29R to RREIIBTr with Different Anions

When ZnF29R interacts with RNA the enthalpy ∆Hrxn can be split in three parts, the energy used
to release anions from ZnF29R, ∆HZnF29R-anion, the energy used to release the cations from RNA,
∆HRNA-cation, both of which are positive; finally the interaction of RNA and ZnF29R, ∆HZnF29RRNA,

which is negative
∆Hrxn = ∆HZnF29R-anion + ∆HRNA-cation + ∆HZnF29R-RNA

(1)

If only the anion changes, the second and third terms in equation (1) remain the same. The radii
of some of anions are listed in Table 7.2. The smaller the ionic radius of the anion is, the larger
the hydrated radius of the anion. F- has the smallest radius (or the biggest hydrated radius), and
the amount of particles that accommodate around ZnF29R is the smallest. When ZnF29R
interacts with RNA, less energy (∆HZnF29R-anion) is needed to release the hydrated anions from
ZnF29R, which leaves the largest absolute value of ∆Hrxn. The linear relationship between the
anion ionic radius with ∆Hrxn is shown in Figure 7.3

The order that results from the formation of ZnF29R-RNA complex gives a negative ∆Srxn, while
the release of water gives a positive contribution to ∆Srxn. Since the amount of hydrated F- ions
accommodates around ZnF29R is the smallest, the least amount of water is released from
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ZnF29R as hydrated F- to the bulk solution compared to ZnF29R in NaBr. Therefore, the
reaction in NaF has the smallest ∆Srxn and ∆Srxn increases from NaF, NaCl to NaBr.

.

Figure 7.2. Linear Relationship between Entropy and Enthalpy

Figure 7.3. The Variation of Enthalpy is Proportional to the Anions Radius
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Table 7.2. Radius Data of Group IA, IIA, and VIIA Elements

7.1.2 Cation Effect on the Binding of ZnF29R to RRIIBTr

In addition to anions, we also investigated the influence of different cations on the binding. ITC
experiments were carried out in 100 mM NaCl and KCl while other experimental conditions
were the same (Figure 7.4 and Table 7.3).

Figure 7.4. ITC Data of ZnF29R Binding to RNA in 100 mM NaCl and KCl at 298 K. Samples were 5 µM RNA or
75 µM ZnF29R with 10 mM sodium phosphate buffer at pH 7.0 with 100 mM NaCl (or KCl) and 200 µM βME.
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The curve shows that binding ratio is 2:1 (RNA: protein) for 100 mM KCl. A possible
explanation is that two RNA hairpin molecules form a duplex under these conditions. The
difference between ∆G for the two systems is about 0.1 kcal; ∆H in KCl is less than that in
NaCl; ∆S in NaCl is positive, and negative in KCl.
Table 7.3. Thermodynamic Parameters of the Binding of ZnF29R to RREIIBTr in Different Cations

In 100 mM KCl, two RNA molecules form a bimolecular duplex and then bind to one ZnF29R to
form a ZnF29R-RNA complex. This brings more order to the system and results in a smaller
∆Srxn value compared to which only one RNA hairpin binds to one ZnF29R in 100 mM NaCl.

The ionic radius of Na+ is 1.16 Å while that of K+ is 1.52 Å and the hydration radii are 2.76 Å
and 2.32 Å, respectively (Table 2.2). Manning’ theory states that the condensation of cations on
the phosphate backbone does not depend on the type of the cations but only on its charges109. If
one considers the hydration of the cations, then the charge on cations is shielded, and the
effective charge of hydrated Na+ is less than that of K+, which means that more hydrated Na+
than hydrated K+ are needed to compensate the negative charge. Therefore, more energy is
needed to release cations from RNA, then the second term in equation (1) is large, which leaves
small absolute value of ∆Hrxn. Their variation trend is shown in Figure 7.5.
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Figure 7.5. The Variation of Enthalpy with the Cations Radius

7.1.3 Effect of Salt Concentration on the Binding of ZnF29R to RRIIBTr

ITC experiments were carried out for KCl concentrations from 25 mM, 100 mM to 150 mM, and
NaCl at 100 and 200 mM. The ITC curves fit and thermodynamic parameters are shown in
Figure 7.6 and 7.8 and Table 7.4 and 7.5. The change of enthalpy has a linear relationship with
the concentration of KCl as shown in Figure 7.7. This phenomenon can be explained in two
ways. A form DNA has a rise of 0.26 nm, while in B form DNA, the rise is 0.34 nm. According
to Manning’s theory, the condensation of cations on a polyelectrolyte molecule (for our case
phosphate backbone) depends only on the valence of the cation Z and b, where b = h/z (h is the
helical rise and z = 2, since each base pair has two phosphate groups). Counter ion condensation
onto DNA depends on a dimensionless parameter, ξ
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ξ =e2/DbkBT=0.71/b

(2)

e is magnitude of electron charge (1.602×10-19 C);
D is equal to 4πε0, where ε0 is permittivity (8.854×10-12 C2/J·m);
kB is Boltzman constant (1.38×10-23 J/K);
T is absolute temperature (K);
and b is in nm.

When ξ >1, condensation occurs. The fraction of the charge that remains uncompensated on the
phosphate is 1/Zξ, while the compensated portion is given by 1-1/Zξ. When the salt
concentration increases, the pitch or rise decreases slightly and ξ increases, resulting in more
counter ions in the major grooves. Therefore, more energy is needed to release hydrated cations,
and the absolute value of ∆H decreases. In an equation proposed by Debye-Hückel, the
screening parameter κ, is proportional to the square root of the ionic strength of the solution:

κ = (8πe2/100DkBT)½(I) ½
Table 7.4. Thermodynamic Parameters of the Binding of ZnF29R to RREIIBTr in KCl

(3)

102

Figure 7.6. ITC Data of ZnF29R Protein Binding to RRIIBTr in 25, 100, 150 mM KCl at 298 K. Samples were 5 µM RNA or 75 µM ZnF29R with 10 mM
sodium phosphate buffer at pH 7.0, with 25, 100 and 150 mM KCl and 200 µM βME.
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Figure 7.7. The Change of Enthalpy with the KCl Concentration

The ionic strengths of KCl and NaCl solutions are equal to their concentrations, therefore upon
increasing the concentration, κ increases. More cations accumulate on the RNA, and more
energy is needed to release hydrated cations from RNA, and the absolute value of ∆Hrxn
decreases. Since the formation of RNA hairpin-ZnF29R and RNA duplex-ZnF29R both give 1:1
binding ratios, while binding ratio of RNA duplex with two ZnF29R proteins is 2:1, the RNAZnF29R mixture could only give a binding ratio between 0.5 to 1, the second equilibrium in 25
mM KCl (n = 1.24) may come from a non-specific binding (as illustrated below). When the Na+
concentration increases, we also observe a 2:1 binding ratio, therefore it appears that high salt
concentrations change the conformational properties of RNA.

104

Figure 7.8. ITC Data of ZnF29R Protein Binding to RRIIBTr in 100 and 200 mM NaCl at 298 K. Samples were 5
µM RNA or 75 µM ZnF29R with 10 mM sodium phosphate buffer at pH 7.0 with 100 and 200 mM NaCl and 200
µM βME.
Table 7.5. Thermodynamic Parameters of the Binding of ZnF29R to RREIIBTr in NaCl

7.1.4 Osmolyte Effect on the Binding of ZnF29R to RRIIBTr

In biological systems, osmolytes allow water to remain in cells, protecting cells from
dehydration. Osmolytes can also affect protein stability, specifically, protecting osmolytes
(betaine, sucrose) prefer to be excluded from the protein and stabilize folded protein, while
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denaturing osmolytes (urea) prefer to accumulate near the protein backbone and interact
favorably with the protein in its unfolded state110. To determine if osmolytes impact the binding
affinity of ZnF29R to RNA, we used betaine (trimethylglycine) to perform ITC experiments
while keeping the salt concentration constant (100 mM NaCl). The ITC curves are shown in
Figure 7.9 and the corresponding parameters are shown in Table 7.6. The interaction between
betaine and water increases the order, thus generally decreasing ∆S, but apparently there is no
regular relationship between the variation of ∆S and the concentration of betaine. The variations
of other thermodynamic parameters are not regular, either (Figure 7.10). Only the linear
relationship between ∆H and ∆S still remains (Figure 7.11).

7.2 Non-denaturing PAGE-gel Analysis of ZnF29R

A partially self-complementary sequence can have both hairpin and duplex forms in solution.
The fraction of each component depends on the salt, their concentration and on the RNA strand
concentration111. In general, RNA prefers to adopt a bimolecular duplex even at elevated salt
concentration, a possible reason is that greater base pair stabilities in RNA compared to DNA (of
the same sequence)

112,113
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Figure 7.9. ITC Data of ZnF29R Protein Binding to RRIIBTr in 150, 300, and 600 mM Betaine at 298 K. Samples were 5 µM RNA or 75 µM ZnF29R with 10
mM sodium phosphate buffer at pH 7.0 with 100 mM NaCl and 200 µM βME in 150, 300 and 600 mM betaine.
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Table 7.6. Thermodynamic Parameters of the Binding of ZnF29R to RREIIBTr in Betaine

Figure 7.10. Thermodynamic Binding Parameters as a Function of the Betaine Concentration

Figure 7.11. Linear Relationship between Entropy and Enthalpy
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The RREIIBTr RNA sequence is

which has 34 nucleotides (17 bps). When two hairpins form a duplex,

To investigate the origin of n=0.5 under the binding reaction we performed native PAGE gel
experiments. RNA samples were run in KCl or NaCl with gels and running buffers using the
same salt concentrations (Figure 7.12). In 25 mM KCl (Figure 7.12 (A)), the RNA sample
without KCl (lane 2) or with 25 mM KCl (lane 3) both show two bands corresponding to RNA
hairpin and duplex. When the RNA reacts with ZnF29R, three bands are shown on the gel (lane
4). We propose that band 1 is the RNA hairpin, band 2 is the RNA hairpin-ZnF29R complex,
and band 3 is the RNA duplex-ZnF29R complex.

In 50 mM NaCl, we also see these three bands (Figure 7.12 (B), however, band 3 was very
weak). The hairpin (band 1) is apparently stronger than that of RNA hairpin-ZnF29R complex
(band 2). Moreover, the RNA duplex-ZnF29R band (band 3) shows in KCl gel, while in the
NaCl gel it is very faint, suggesting that the nature of the salt influence the conformational
equilibrium.
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1

2

3

(B)

(A)

1

2

3

1

4

2

3

4

band 3

band 2
band 1

Figure 7.12.
(A) 15% PAGE Gel with 1X TBE and 25 mM KCl, Running Buffer 1X TBE with 25 mM KCl
lane 1
lane 2
lane 3
lane 4

stain
5 µM RNA with no additional salt
5 µM RNA with 25 mM KCl
5 µM RNA with 25 mM KCl with 75 µM ZnF29R

(B) 15% PAGE Gel with 1X TBE and 50 mM NaCl, Running Buffer 1X TBE with 50 mM NaCl
lane 1
lane 2
lane 3
lane 4

stain
5 µM RNA with 50 mM NaCl
5 µM RNA with 50 mM NaCl with 75 µM ZnF29R
5 µM RNA with 200 mM NaCl with 75 µM ZnF29R, diluted to 50 mM NaCl before loading to gel

To provide a better size discrimination, we use RNA hairpin samples as indicators (Figure 7.13).
The three hairpin sequences used for indications are LSML, LS and TLSL. They have 66, 50 and
21 nucleotides, respectively. Their sequences are:

66mer RNA (LSML)
5’CCTGGGATACACTAGGAGATCTTCTGCTCTGCACAACCaaaaaGGTGGTGCGAGAAC
ACAGGATCT3’;
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50mer RNA (LS)
5’AGATCTTCTGCTCTGCACAACCaaaaaGGTGGTGCGAGAACACAGGATCT3’;

21mer RNA (TLSL)
5’GCACAACCaaaaaGGUGGUGC3’.
1

2

3

4

5

66mer
50mer

21mer

Figure 7.13. 15% PAGE Gel with 1X TBE and 50 mM NaCl, Running Buffer 1X TBE with 50 mM NaCl
lane 1
lane 2
lane 3
lane 4
lane 5

LSML, LS, TLSL with stain
LSML, LS, TLSL
TLSL 21mer
LS 50mer
LSML 66mer

With the help of the RNA markers, we can see that of the two bands in the gel (lane 2) one is
above the 66mer and another is between the 21mer and 50mer, which corresponds to duplex (34
bp) and hairpin (17 bp) form, respectively (Figure 7.14 (A)). In Figure 7.14 (A) both and (B), the
sample in the forth lane was prepared by a heated-and-chilled process. This treatment completely
removes the duplex component. Without the preformed duplex in the free RNA sample, the
addition of ZnF29R protein does not produce the RNA duplex-ZnF29R complex. The free
hairpin and hairpin-protein complex bands cannot be separated when the gel and running buffer
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contain 100 mM NaCl (Figure 7.14 (A)); and they can be separated in the gel with 100 mM KCl
(Figure 7.14 (B)). Therefore, the concentration of salt in gel and running buffer affects the
migration or the mobility of the RNA hairpin-ZnF29R complex.
(A)

5

4 3

(B)

2

1

1

2

3

4

5

66mer
50mer

21mer
Figure 7.14.
(A) 15% PAGE Gel with 1X TBE and 100 mM NaCl, 1X TBE Running Buffer with 100 mM NaCl Run at 4 ˚C and
50 V
lane 1
lane 2
lane 3
lane 4
lane 5

stain with RNA markers
5 µM NON-HEATED RNA with 100 mM NaCl
5 µM NON-HEATED RNA with 100 mM NaCl, with 75 µM ZnF29R
5 µM HEATED RNA with 100 mM NaCl
5 µM HEATED RNA with 100 mM NaCl, with 75 µM ZnF29R

(B) 15% PAGE Gel with 1X TBE and 100 mM KCl, 1X TBE Running Buffer with 100 mM KCl Run at 4˚C and
50 V
lane 1
lane 2
lane 3
lane 4
lane 5

stain with RNA markers
5 µM NON-HEATED RNA with 100 mM KCl
5 µM NON-HEATED RNA with 100 mM KCl, with 75 µM ZnF29R
5 µM HEATED RNA with 100 mM KCl
5 µM HEATED RNA with 100 mM KCl, with 75 µM ZnF29R

Figure 7.15 shows NON-HEATED RNA samples in 100 mM KCl and 200 mM NaCl that run in
a TB gel with TB running buffer. Without the interference of EDTA, the RNA hairpin-ZnF29R
complex is stable, and no free RNA hairpin remains. In the absence of the heat –chill treatment
the RNA sample has a duplex component in the solution.
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By comparing Figures 7.15 and 7.16, we can see that the RNA duplex-ZnF29R complex bands
in 100 mM KCl or 200 mM NaCl in Figure 7.15 have almost the same intensity as RNA hairpinZnF29R complex bands. This provides a rationale why the ITC curves for these two salts give
1:2 binding ratio; while for 100 mM NaCl or NaBr, the intensity of the band for RNA duplexZnF29R complex is much weaker than the one for RNA hairpin-ZnF29R, and their ITC
experiments show essentially a 1:1 binding ratio.
1

2

3

4

5

66mer
50mer

21mer
Figure 7.15. 15% PAGE Gel with 1X TB, 1X TB Running Buffer Run at 4 ˚C and 110 V
lane 1
lane 2
lane 3
lane 4
lane 5

stain with RNA marker
5 µM NON-HEATED RNA with 100 mM KCl
5 µM NON-HEATED RNA with 100 mM KCl, with 75 µM ZnF29R
5 µM NON-HEATED RNA with 200 mM NaCl
5 µM NON-HEATED RNA with 200 mM NaCl, with 75 µM ZnF29R
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5

66mer
50mer

21mer
Figure 7.16. 15% PAGE Gel with 1X TB, 1X TB Running Buffer Run at 4 ˚C and 110 V
lane 1
lane 2
lane 3
lane 4
lane 5

stain with RNA marker
5 µM HEATED RNA with 100 mM NaCl
5 µM HEATED RNA with 100 mM NaCl, with 75 µM ZnF29R
5 µM HEATED RNA with 100 mM NaBr
5 µM HEATED RNA with 100 mM NaBr, with 75 µM ZnF29R
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CHAPTER 8.
CONCLUSIONS

We studied the influence of different cations, anions, and the concentration of salts and osmolyte
on the binding of RREIIBTr RNA to ZnF29R using ITC. (1) ∆H and ∆S increase as the anion
changes from F-, to Cl-, and Br-; (2) When the cations change from Na+ to K+, ∆H and ∆S
decrease; (3) Both Manning’ and Debye-Hückel’s theory predict that ∆Hrxn increases when the
salt concentration increase. In 100 mM NaCl, we obtained the smallest Kd, or the best binding
affinity. The variation of ∆H and ∆S is related to the radius of ions and the available volume to
accommodate counter ions on RNA or ZnF29R, and they have a linear relationship with each
other throughout the variation of salts and concentration. To investigate the variable binding
stoichiometry we performed native PAGE gel. We confirmed that there are two main products in
the RNA-Protein reaction. (1) When the gel and running buffer contain 1X TB with EDTA and
salts, free RNA and RNA hairpin-ZnF29R complex can be separated in gel with KCl at 25 and
100 mM KCl; while two bands can be separated at 50 mM NaCl but not at 100 and 200 mM
NaCl; (2) When gel and running buffer contain only 1X TB, the gel assay shows an equilibrium
in the reaction—the RNA hairpin-ZnF29R and RNA duplex-ZnF29R.

The existence of 1:2 ratio in the RNA-ZnF29R reaction is due to the RNA duplex-ZnF29R.
Therefore, when we studied the structure of free RNA or RNA-ZnF29R complex, the salt and
RNA concentration has to be carefully controlled to make sure the majority component is in the
desired hairpin conformation.
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APPENDIX A: CIRCULAR DICHROISM SPECTROSCOPY114

Circular Dichroism (CD) is a type of spectroscopy used to determine the secondary structure of
peptides in this project.

When a beam of light at a certain wavelength passes through a chiral substance, it absorbs the
left circularly polarized light (red) and right circularly polarized light (blue) differently. This
difference results in an elliptically polarized light (purple), as shown in Figure A.1. Since This
relationship can be derived by defining the ellipticity of the polarization as:

tan θ =

ER − EL
ER + EL

(1)

where ER and EL are the magnitudes of the electric field vectors of the right-circularly and leftcircularly polarized light, respectively.
Since the circular dichroism effect is generally very small, tan θ is also small,

tan θ ≈ θ (radians )

(2)

Moreover, the electric-field vector is proportional to the square root of the intensity of light, I ,
the ellipticity becomes:
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http://en.wikipedia.org/wiki/Circular_dichroism
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⎛⎜ I 12 − I 1 2 ⎞⎟
R
L
⎠
θ (radians ) = ⎝ 1
1
⎛⎜ I 2 + I 2 ⎞⎟
L
⎝ R
⎠

(3)

Figure A.1. The Production of Ellipticity of Polarized Light from the Difference of Absorption between Left and
Right Circularly Polarized Light

According to Beer's law

I0

or

A = log10I

(4)

I = I 0e − A ln 10

(5)

The ellipticity can be expressed as:
− AL
ln 10 ⎞
⎛ − 2AR ln 10
2
ln 10
⎜e
⎟
−
e
⎜
⎟ e ∆A 2 − 1
⎠=
θ (radians ) = ⎝ − A
ln 10
− AL
∆A
ln 10 ⎞
⎛ 2 R ln 10
2
2
⎜e
⎟
e
+1
+e
⎜
⎟
⎝
⎠

(6)

where ∆A = AL − AR
⎛
⎞
x2 x3
Since ∆A<<1, by expanding the exponentials in a Taylor series ⎜⎜ e x = 1 + x +
+
+ ...... ⎟⎟
2! 3!
⎝
⎠
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ln 10
ln 10
ln 10
−1
∆A
∆A
2 = ∆A⎛⎜ ln 10 ⎞⎟
2
2
=
≈
θ (radians ) =
ln 10
ln 10
2
⎝ 4 ⎠
+ 1 ∆A
+2
1 + ∆A
2
2
1 + ∆A

since 1 radian =

(7)

180

π

⎛ ln 10 ⎞⎛ 180 ⎞
⎟⎜
⎟
⎝ 4 ⎠⎝ π ⎠

θ (deg ees ) = ∆A⎜

(8)

The dependence of solute concentration and path length can be removed by defining another
term, called molar ellipticity (molar circular dichroism) as,

⎛ ln 10 ⎞⎛ 180 ⎞
100∆A⎜
⎟⎜
⎟
100θ
4 ⎠⎝ π ⎠
⎝
[θ ] =
=
Cl
Cl

(9)

where C is in mol/L, l in centimeters (cm), and the resulted [θ ] in deg·cm2·dmol-1.

The difference of left circularly polarized light Al and right circularly polarized light AR is ∆A :
∆A = Al − AR

(10)

According to Beer's law

A = εCl

(11)
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where ε is the molar extinction coefficients, C is the molar concentration, and l is the path
length in centimeters (cm).

(10) can also be expressed as:
∆A = (ε l − ε R )Cl

(12)

or
∆A = ∆εCl

(13)

where ∆ε = ε l − ε R , and ∆ε is the usually called molar circular dichroism.

Then molar ellipticity, [θ ] in equation (9) can be expressed as

⎛ ln 10 ⎞⎛ 180 ⎞
100∆A⎜
⎟
⎟⎜
4 ⎠⎝ π ⎠
⎛ ln 10 ⎞⎛ 180 ⎞
⎝
= 100∆ε ⎜
[θ ] =
⎟⎜
⎟ ≈ 3,300∆ε
Cl
⎝ 4 ⎠⎝ π ⎠

(14)

∆ε is converted from [θ ]MRW by
∆ε =

[θ ]MRW
3300

(15)

∆ε is used to calculated percentage of secondary structures.

Generally, the mean residue molar ellipticity [θ ]MRW is used and expressed as

[θ ]MRW = [θ ] /numbers of amino acids

(16)
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APPENDIX B: 2D TECHNIQUES ANALYSIS WITH OPERATOR FORMULISM115-117

Some nuclei have spin angular momentum larger than zero. spin1 and spin 2 can be represent by operators I 1x , I 1 y , and I 1z
I 2 x , I 2 y , and I 2 z along three dimensions.
Any actions, like a pulse, a delay, or evolution under coupling constant can be represented by a Hamiltonian H, for example
H free = ΩI z

(17)

H pulse , x = ωI x

(18)

H J = 2πJ12 I1z I 2 z

(19)

where the multiplication of Ω with Iz stands for the angle of rotation under offset; the multiplication of ω with Ix stands for the
angle of rotation with the pulse; and J stands for coupling constant between two coupled spins. The rotation of magnetization follows
right-hand rules.
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Keeler J. Understanding NMR Spectroscopy. 2002, chapter 6-7.
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http://www.chem.queensu.ca/FACILITIES/NMR/nmr/webcourse/
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http://www.cis.rit.edu/htbooks/nmr/
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B1

NOESY Experiment

The first step is, H pulse , x =

π
2

I1 x +

π
2

I2x

Note the Hamiltonian can be applied to the operator sequentially and also that the Hamiltonian of spin2 has no effect on spin1, and
vise versa.
Therefore, when spin1 and spin 2 are at equilibrium, the density operator can be expressed as σ ( 0 ) = I1z + I 2 z
π

I1 x

π

I2x

2
I1z ⎯⎯
⎯→ ⎯⎯
⎯→ = cos ωt p I1z − sin ωt p I1 y = cos 90D I1z − sin 90D I1 y = 0 ⋅ I1z − 1 ⋅ I1 y = − I1 y
2

π

I1 x

π

I2x

2
2
I 2 z ⎯⎯
⎯→ ⎯⎯
⎯→ = − I 2 y

(20)
(21)

Therefore, σ (1) = − I1 y − I 2 y
For simplicity, we only consider − I1 y now.
The NOESY spectra are used to detect spins that are close to each other in space within 5 Å. Therefore second step can be thought as
evolution only under offset H free = Ω1I1z + Ω 2 I 2 z without the influence of H J .
1t1I1 z
2t1I 2 z
− I1 y ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ cos(Ω1t1 )(− I1 y ) + sin(Ω1t1 )( I1x )

The third step is another 90D degree pulse which is along x-axis H pulse, x =

(22)

π
2

I1 x +

π
2

I2x
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π

π

I1 x

I2x

2
2
cos(Ω1t1 )(− I1 y ) ⎯⎯
⎯→ ⎯⎯
⎯→ cos(Ω1t1 )[cos

π

I1 x

π

π
2

(− I1 y ) + sin

π
2

(− I1z )] = − cos(Ω1t1 )( I1z )

I2 x

2
2
sin(Ω1t1 )( I1x ) ⎯⎯
⎯→ ⎯⎯
⎯→ sin(Ω1t1 )( I1x )

(23)

(24)

Therefore,

σ ( p ) = − cos(Ω1t1 )( I1z ) + sin(Ω1t1 )( I1x )

(25)

2

Choose certain coherence pathway and only term − cos(Ω1t1 )( I1z ) evolves during mixing time τ m . Assuming that f is the factor that
the spins signal exchanges with each other,
− cos(Ω1t1 )( I1z ) ⎯mixing
⎯⎯→ −(1 − f ) cos(Ω1t1 )( I1z ) − f cos(Ω1t1 )( I 2 z )

the last 90D degree pulse, H pulse , x =

π
2

I1 x +

π
2
π

(26)

I2x
I1 x

π

I2x

2
2
− (1 − f ) cos(Ω1t1 )( I1z ) − f cos(Ω1t1 )( I 2 z ) ⎯⎯
⎯→ ⎯⎯
⎯→ −(1 − f ) cos(Ω1t1 )(− I1 y ) − f cos(Ω1t1 )(− I 2 y )

(27)

During t2, the detection time,
1t 2 I 1 z
2t2 I 2 z
− (1 − f ) cos(Ω1t1 )(− I1 y ) ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ (1 − f ) cos(Ω1t1 ) cos(Ω1t2 )( I1 y ) − (1 − f ) cos(Ω1t1 ) sin(Ω1t2 )( I1x )

(28)

1t2 I1 z
2t2 I 2 z
− f cos(Ω1t1 )(− I 2 y ) ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ f cos(Ω1t1 ) cos(Ω 2t2 )( I 2 y ) − f cos(Ω1t1 ) sin(Ω 2t 2 )( I 2 x )

(29)

During t2 only Iy is collected, which are underlined in equations (28) and (29)
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the density operator can be expressed as

σ (t ) = (1 − f ) cos(Ω1t1 ) cos(Ω1t2 )( I1 y ) + f cos(Ω1t1 ) cos(Ω 2t2 )( I 2 y )
2

(30)

we can see that the original − I1 y (generated from spin1 I1z ) has been partially exchanged to I 2 y . This results in two peaks appear at
(F1, F2) = (Ω1, Ω1) (the diagonal peak) and (F1, F2) = (Ω1, Ω2) (cross peak).
The same with I 2 z , we can obtain two more peaks appear at (F1, F2) = (Ω2, Ω2) (the diagonal peak) and (F1, F2) = (Ω2, Ω1) (cross peak).

B2 TOCSY Experiment

The first step is a 90D pulse along x-axis which generates transverse magnetization, the density operator becomes σ (1) = − I1 y − I 2 y
The second step is different from the NOESY experiment. We know that when two spins ( spin1 and spin2 ) have a scalar coupling
which can give a cross peak in a TOCSY spectrum. Therefore, − I1 y and/or − I 2 y can be thought to evolve under two Hamiltonian:
coupling constant H J = 2πJ12 I1z I 2 z and offset H free = Ω1I1z + Ω 2 I 2 z .
πJ 12 t1 I 1 z I 2 z
− I1 y ⎯2⎯
⎯⎯
⎯→ cos(πJ12t1 )(− I1 y ) + sin(πJ12t1 )(2 I1x I 2 z )

(31)

1t1 I1 z
2 t1 I 2 z
⎯→ ⎯Ω⎯
⎯→ cos(πJ 12 t1 )[cos(Ω1t1 )(− I 1 y ) + sin(Ω1t1 )( I 1x )]
cos(πJ 12 t1 )(− I 1 y ) ⎯Ω⎯

(32)

1t1 I1 z
2t1 I 2 z
⎯→ ⎯Ω⎯
⎯→ sin(πJ 12 t1 )[cos(Ω1t1 )(2 I 1x I 2 z ) + sin(Ω1t1 )(2 I 1 y I 2 z )]
sin(πJ 12 t1 )(2 I 1x I 2 z ) ⎯Ω⎯

(33)
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same analysis for spin2
therefore,

σ ( p ) = − cos(πJ12t1 ) cos(Ω1t1 )( I1 y ) + cos(πJ12t1 ) sin(Ω1t1 )( I1x ) + sin(πJ12t1 ) cos(Ω1t1 )(2 I1x I 2 z ) + sin(πJ12t1 ) sin(Ω1t1 )(2 I1 y I 2 z )
1

− cos(πJ12t1 ) cos(Ω 2t1 )( I 2 y ) + cos(πJ12t1 ) sin(Ω 2t1 )( I 2 x ) + sin(πJ12t1 ) cos(Ω 2t1 )(2 I1z I 2 x ) + sin(πJ12t1 ) sin(Ω 2t1 )(2 I1z I 2 y )

(34)

During mixing time τ m , all signals exchange with the coupling spins,
for example,
− cos(πJ12t1 ) cos(Ω1t1 )( I1 y ) ⎯mixing
⎯⎯→ − cos(πJ12t1 ) cos(Ω1t1 )(1 − f )( I1 y ) − cos(πJ12t1 ) cos(Ω1t1 ) f ( I 2 y )

(35)

and so on.

B3

HSQC Experiment

This is a heteronuclear experiment and we use H and C as the subscript.
The first 90D pulse along x-axis results in the density operator σ (1) = − I Hy − I Cy
The second step is composed of two Hamiltonian H J = 2πJ CH I Hz I Cz and H free = Ω H I H z + ΩC I C z .
πJ CH τI Hz I Cz
− I Hy ⎯2⎯
⎯⎯
⎯→ − cos πJ CHτ ( I Hy ) + sin πJ CHτ (2 I Hx I Cz )

(36)
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C τI Cz
H τI Hz
− cos πJ CHτ ( I Hy ) ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ − cos πJ CHτ [cos Ω Hτ ( I Hy ) − sin Ω Hτ ( I Hx )]

(37)

C τI Cz
H τI Hz
+ sin πJ CHτ (2 I Hx I Cz ) ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ + sin πJ CHτ [cos Ω Hτ (2 I Hx I Cz ) + sin Ω Hτ (2 I Hy I Cz )]

(38)

The Hamiltonian for the third step is H pulse, x = πI Hx + πI Cx
I Hx
I Cx
− cos πJ CHτ cos Ω Hτ ( I Hy ) ⎯π⎯
⎯
→ ⎯π⎯→
⎯
+ cos πJ CHτ cos Ω Hτ ( I Hy )

(39)

I Hx
ICx
+ cos πJ CHτ sin Ω Hτ ( I Hx ) ⎯π⎯→
⎯
⎯π⎯→
⎯
+ cos πJ CHτ sin Ω Hτ ( I Hx )

(40)

I Hx
I Cx
+ sin πJ CHτ cos Ω Hτ (2 I Hx I Cz ) ⎯π⎯
⎯
→ ⎯π⎯→
⎯
− sin πJ CHτ cos Ω Hτ (2 I Hx I Cz )

(41)

I Hx
ICx
+ sin πJ CHτ sin Ω Hτ (2 I Hy I Cz ) ⎯π⎯→
⎯
⎯π⎯→
⎯
+ sin πJ CHτ sin Ω Hτ (2 I Hy I Cz )

(42)

during the second delay, the two Hamiltonian are H J = 2πJ CH I Hz I Cz , H free = Ω H I H z + ΩC I C z .
πJ CHτI Hz I Cz
+ cos πJ CHτ cos Ω Hτ ( I Hy ) ⎯2⎯
⎯⎯
⎯→ + cos πJ CHτ cos Ω Hτ [cos πJ CHτ ( I Hy ) − sin πJ CHτ (2 I Hx I Cz )]

(43)

πJ CHτI Hz ICz
+ cos πJ CHτ sin Ω Hτ ( I Hx ) ⎯2⎯
⎯⎯
⎯→ + cos πJ CHτ sin Ω Hτ [cos πJ CHτ ( I Hx ) + sin πJ CHτ (2 I Hy I Cz )]

(44)

πJ CH τI Hz I Cz
− sin πJ CHτ cos Ω Hτ (2 I Hx I Cz ) ⎯2⎯
⎯⎯
⎯→ + sin πJ CHτ cos Ω Hτ [cos πJ CHτ (2 I Hx I Cz ) + sin πJ CHτ ( I Hy )]

(45)

πJ CHτI Hz I Cz
+ sin πJ CHτ sin Ω Hτ (2 I Hy I Cz ) ⎯2⎯
⎯⎯
⎯→ + sin πJ CHτ sin Ω Hτ [cos πJ CHτ (2 I Hy I Cz ) − sin πJ CHτ ( I Hx )]

(46)

125
use cos 2 A − sin 2 A = cos 2 A and 2 cos A sin A = sin 2 A to combine (43)-(46)
this magnetization can be simplified as

+ cos 2πJ CHτ cos Ω Hτ ( I Hy ) − sin 2πJ CHτ cos Ω Hτ (2 I Hx I Cz ) + cos 2πJ CHτ sin Ω Hτ ( I Hx ) + sin 2πJ CHτ sin πJ CHτ (2 I Hy I Cz )

(47)

CτI C z
HτI H z
+ cos 2πJ CHτ cos Ω Hτ ( I Hy ) ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ + cos 2πJ CHτ cos Ω Hτ [cos Ω Hτ ( I Hy ) − sin Ω Hτ ( I Hx )]

(48)

Ω τI

Ω τI

C Cz
H Hz
− sin 2πJ CHτ cos Ω Hτ (2 I Hx I Cz ) ⎯⎯
⎯
⎯→ ⎯⎯
⎯→ − sin 2πJ CHτ cos Ω Hτ [cos Ω Hτ (2 I Hx I Cz ) + sin Ω Hτ (2 I Hy I Cz )]

Ω τI

Ω τI

(49)

C Cz
H Hz
+ cos 2πJ CHτ sin Ω Hτ ( I Hx ) ⎯⎯
⎯
⎯→ ⎯⎯
⎯→ + cos 2πJ CHτ sin Ω Hτ [cos Ω Hτ ( I Hx ) + sin Ω Hτ ( I Hy )]

(50)

CτI C z
HτI H z
+ sin 2πJ CHτ sin πJ CHτ (2 I Hy I Cz ) ⎯Ω⎯
⎯→ ⎯Ω⎯
⎯→ + sin 2πJ CHτ sin Ω Hτ [cos Ω Hτ (2 I Hy I Cz ) − sin Ω Hτ (2 I Hx I Cz )]

(51)

By combining (48) to (51), the density operator becomes

σ ( 2τ ) = + cos 2πJ CHτ ( I Hy ) − sin 2πJ CHτ (2 I Hx I Cz )

(52)

The − τ − 180D − τ − sequence is called a spin echo. − I Hy undergoes an equivalent a – 2τ –180°– sequence. This conclusion is very
useful when we do another same pulse sequence just before acquire FID.
Since we usually choose τ = 1 / 4 J CH , σ ( 2τ ) = + cos 2πJ CHτ ( I Hy ) − sin 2πJ CHτ (2 I Hx I Cz ) can be further simplified as σ ( 2τ ) = −2 I Hx I Cz
The next step of 90D pulse apply for spinH is along y-axis while x-axis for spinC,
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π

π

I Hy

I Cx

2
2
− 2 I Hx I Cz ⎯⎯
⎯→ +2 I Hz I Cz ⎯⎯
⎯→ −2 I Hz I Cy

during the

(53)

t1
delay, spins undergo two Hamiltonian H J = 2πJ CH I Hz I Cz , and evolution under offset H free = Ω H I H z + ΩC I C z .
2
2πJ CH

t1

I Hz I Cz

− 2 I Hz I Cy ⎯⎯ ⎯2 ⎯⎯→ − cos πJ CH
t

t1
t
(2 I Hz I Cy ) + sin πJ CH 1 ( I Cx )
2
2
t

− cos πJ CH

ΩH 1 I H z
ΩC 1 I C z
t1
t
t
t
(2 I Hz I Cy ) ⎯⎯2⎯
⎯→ ⎯⎯2⎯
⎯→ − cos πJ CH 1 [cos ΩC 1 (2 I Hz I Cy ) − sin ΩC 1 (2 I Hz I Cx )]
2
2
2
2

+ sin πJ CH

ΩH 1 I H z
ΩC 1 I C z
t1
t
t
t
( I Cx ) ⎯⎯2⎯
⎯→ ⎯⎯2⎯
⎯→ + sin πJ CH 1 [cos ΩC 1 ( I Cx ) + sin ΩC 1 ( I Cy )]
2
2
2
2

t

(54)

(55)

t

(56)

the 180D degree pulse is only applied on spin H along x-axis H pulse, x = πI Hx , which gives

− cos πJ CH

t1
t
t
t
I Hx
cos ΩC 1 (2 I Hz I Cy ) ⎯π⎯→
⎯
+ cos πJ CH 1 cos ΩC 1 (2 I Hz I Cy )
2
2
2
2

(57)

+ cos πJ CH

t1
t
t
t
I Hx
sin ΩC 1 (2 I Hz I Cx ) ⎯π⎯
⎯
→ − cos πJ CH 1 sin ΩC 1 (2 I Hz I Cx )
2
2
2
2

(58)

+ sin πJ CH

t1
t
t
t
I Hx
cos ΩC 1 ( I Cx ) ⎯π⎯
⎯
→ + sin πJ CH 1 cos ΩC 1 ( I Cx )
2
2
2
2

(59)

+ sin πJ CH

t1
t
t
t
I Hx
sin ΩC 1 ( I Cy ) ⎯π⎯
⎯
→ + sin πJ CH 1 sin ΩC 1 ( I Cy )
2
2
2
2

(60)
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during the next

t1
delay, spins undergo two Hamiltonian H J = 2πJ CH I Hz I Cz , and evolution under offset H free = Ω H I H z + ΩC I C z again.
2
t

+ cos πJ CH

2πJ CH 1 I Hz I Cz
t1
t
t
t
t
t
cos ΩC 1 (2 I Hz I Cy ) ⎯⎯ ⎯2 ⎯⎯→ + cos πJ CH 1 cos ΩC 1 [cos πJ CH 1 (2 I Hz I Cy ) − sin πJ CH 1 ( I Cz )]
2
2
2
2
2
2

− cos πJ CH

2πJ CH 1 I Hz I Cz
t1
t
t
t
t
t
sin Ω C 1 (2 I Hz I Cx ) ⎯⎯ ⎯2 ⎯⎯→ − cos πJ CH 1 sin Ω C 1 [cos πJ CH 1 (2 I Hz I Cx ) + sin πJ CH 1 ( I Cy )]
2
2
2
2
2
2

+ sin πJ CH

2πJ CH 1 I Hz I Cz
t1
t
t
t
t
t
cos Ω C 1 ( I Cx ) ⎯⎯ ⎯2 ⎯⎯→ + sin πJ CH 1 cos Ω C 1 [cos πJ CH 1 ( I Cx ) + sin πJ CH 1 (2 I Hz I Cy )]
2
2
2
2
2
2

+ sin πJ CH

2πJ CH 1 I Hz I Cz
t1
t
t
t
t
t
sin Ω C 1 ( I Cy ) ⎯⎯ ⎯2 ⎯⎯→ + sin πJ CH 1 sin Ω C 1 [cos πJ CH 1 ( I Cy ) − sin πJ CH 1 (2 I Hz I Cx )]
2
2
2
2
2
2

(61)

t

(62)

t

(63)

t

(64)

combine the above eight terms from (61) to (64) gives

+ cos ΩC

t1
t
(2 I Hz I Cy ) − sin ΩC 1 (2 I Hz I Cx )
2
2
t

t

1
1
Ω H I Hz
Ω C I Cz
t
t
t
t
2
2
+ cos ΩC 1 (2 I Hz I Cy ) ⎯⎯
⎯
⎯→ ⎯⎯
⎯
⎯→ + cos ΩC 1 [cos 1 ΩC (2 I Hz I Cy ) − sin 1 ΩC (2 I Hz I Cx )]
2
2
2
2

t

− sin ΩC

(65)

(66)

t

1
1
Ω H I Hz
Ω C I Cz
t1
t
t
t
2
2
(2 I Hz I Cx ) ⎯⎯
⎯
⎯→ ⎯⎯
⎯
⎯→ − sin ΩC 1 [cos 1 ΩC (2 I Hz I Cx ) + sin 1 ΩC (2 I Hz I Cy )]
2
2
2
2

(67)

Therefore,

σ (t ) = + cos t1ΩC (2 I Hz I Cy ) − sin t1ΩC (2 I Hz I Cx )
1

(68)
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the last the 90D degree pulse expressed by Hamiltonian is H pulse, x =
π

I Hx

π

π
2

I Hx +

π
2

I Cx ,

I Cx

2
2
+ cos t1ΩC (2 I Hz I Cy ) ⎯⎯
⎯→ + cos t1ΩC (−2 I Hy I Cy ) ⎯⎯
⎯→ + cos t1ΩC (−2 I Hy I Cz )

π

I Hx

π

(69)

I Cx

2
− sin t1Ω C (2 I Hz I Cx ) ⎯⎯⎯→ − sin t1Ω C (−2 I Hy I Cx ) ⎯⎯
⎯→ − sin t1Ω C (−2 I Hy I Cx )
2

(70)

This is an HSQC experiment, which means the coherence pathway selects a single quantum magnetization. We only need to look at
equation (69), which undergoes H J = 2πJ CH I Hz I cz , (the simplification of this process has been mentioned when we do analysis with
the first spin echo).
2πJ CH 2τI Hz I Cz

τ=

1
4J

− cos t1ΩC (2 I Hy I Cz ) ⎯⎯ ⎯ ⎯⎯→ − cos t1ΩC [− cos πJ CH 2τ (2 I Hy I Cz ) + sin πJ CH 2τ ] ⎯⎯⎯→ − cos t1ΩC ( I Hx )

(71)

during acquisition time, a decoupling program is applied to C, so only H free = Ω H I Hz
2 I Hz
− cos t1Ω C ( I Hx ) ⎯Ω⎯H t⎯
⎯→ − cos t1Ω C [cos Ω H t 2 ( I Hx ) + sin Ω H t 2 ( I Hy )]

which is detected by the receiver.

(72)

